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A STUDY OF DELAYED FAILURE OF A CUT SLOPE IN STIFF CLAY 
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ABSTRACT 


A number of slope failures occurred along a 400 metre 
section of a freeway cut in southwestern Edmonton after the 
completion of construction in 1969. The cut in this section, 
which is approximately 7.3 metres deep on a Slope. slightly 
greater than two to one, was excavated entirely in the 
lightly overconsolidated, fissured and jointed Lake Edmonton 
sediments. The pre-construction topography was essentially 
flat and evidence of in-situ pre-shearing has not been 
found; thus, the failures are considered to be time-delayed, 


first-time slides. 


A comprehensive laboratory testing program, involving 
index tests, consolidation tests and triaxial and direct 
shear tests allowed an assessment of the influence exerted 
by such factors as structural discontinuities and 
compositional heterogeneity on the strength and stress- 
strain/volume change characteristics of the geologically 
complex Lake Edmonton sediments. One class of materials 
tested, termed the "Weathered Material" (from the upper few 
metres), displayed a bi-modal failure characteristic which 
waS intrinsically related to a nugget or blocky structure. 
Above the in-situ overburden pressure, failure occurred 
through the intact lumps resulting in peaked sress-strain 
curves and subdued dilation after the point of peak deviator 


stress. Below the overburden stress, however, failure 


iv 
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occurred along the nugget discontinuities resulting ina 
flatter stress-strain curve and pronounced dilation after 
the peak deviator stress. The material behaved as a 
cohesioniess, granular aggregate below the overburden 
stress. Material sampled from a depth of about five metres 
below the crest of the slope was composed predominantly of a 
medium plastic silt and a high plastic, fissured clay in 
varying proportions. The strength of this material was found 
to depend on the location and orientation of the weaker 


component in the system, that is, the fissured clay. 


The processes of physical weathering, such as cycles of 
wet-dry and freeze-thaw, can destroy an phatact soil 
structure in a few seasons in a severe climate such as that 
of western Canada. The weathering processes appear _ to 
increase the srength of the intact lumps or nuggets between 
the fractures through a net consolidation or densification 
effect, but to decrease the mass strength of the material 
under low normal stresses, reducing it essentially to a 


cohesionless, granular aggregate. 


The results of a stability analysis conducted on one of 
the landslides, which occurred in August, 1973, showed that 
the stability was dependent on the strength associated with 
the fissured, high plastic clay as well as partial softening 
in the central portion of the slope, on the destruction of 
the effective cohesion due to weathering in the surficial 


zones and on a buildup of hydrostatic pressure in the 
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structural discontinuities due to infiltration of rainfall 
and surface runoff. Moreover, other slope failures on the 
Site have been related to intense periods of rainfall. It 
should also be noted that it is of utmost importance to 
conduct laboratory strength tests under the stress ranges 


encountered in the field. 


Research into the origin and factors controlling the 
distribution of fissures and joints in soil masses should be 
undertaken. In addition, creep or relaxation tests should be 
conducted to evaluate the time-dependent deformation 
properties of the Lake Edmonton Sediments and to check if 
the short-term laboratory peak strength may actually be by- 


passed in the long-term condition. 
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CHAPTER I 


INTRODUCTION 


During the late 1950's and early 1960's, extensive 
urban development necessitated the construction of a major 
freeway system in the southern and south-western sections of 
Edmonton (Figure 1.1). To reduce the approach fill on the 
South bank of the North Saskatchewan River and to avoid a 
large cut in the north bank, the route centerline was 
located in the Quesnell Ravine. A suitable grade was 
established up the ravine with a minimum of cut and fill; 
however, west of 149th Street, where the right-of-way left 


the ravine, a cut was necessary to maintain the grade. 


Due to the proximity of residential development, the 
width of the right-of-way was limited; therefore, the side 
Slopes were excavated slightly steeper than two horizontal 
to ee vertical (Soderberg, 1978). A number of slope 
failures occurred along a 400 metre section of the cut 
between 156th and 159th Streets after the completion of 
construction in 1969 (Figure 2.3). The cut in this section, 
which is approximately 7.3 m. deep, was excavated entirely 
in the overconsolidated Lake Edmonton Sediments (geology 


discussed in the following chapter). 


The following methods have been utilized to stabilize 
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the slopes: 
1. Slope flattening (slide #1, Figure 2.3). 
2. Complete excavation of the failed mass and 
rebuilding the slope with a coarse, pit-run granular 
material (slide #6). 
3. Benching, with the installation of gravel drainage 
mats on the benches (slides #4, #5, and #7). 
4. The installation of a concrete, crib-type 
retaining wall (slides #2 and #3). 
5. The installation of counterfort drains with cast- 


in-place stitch piles (slide #8). 


The Whitemud Freeway cut failures thus offered an 
interesting and complex slope stability problem. The pre- 
construction topography was essentially flat (Chapter MII), 
thus the failures were first-time Slides in an 
overconsolidated material (evidence of pre-shearing has not 
been found). The slides have failed along non-circular slip 
surfaces, which may indicate bedding plane or some other 
type of control, such as_ the presence of the underlying 
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This thesis concentrates on the slide which occurred in 
August of 1973 (the 1973 slide ; Plate 1), because much 
survey and sub-surface data was available from an extensive 
site investigation undertaken in the fall of that year. 
Undisturbed soil samples were collected from the vicinity of 


the 1976 slide (Plate 2) in the spring of 1977. 
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The term "time-dependent, first-time slide" is used 
here to indicate failure in a previously unsheared material 
which occurs some time after a slope has been cut or was 
eroded; i.e. the slip does not involve reactivation of an 
old slide mass or movement along a pre-existing shear 
surface. Discontinuous, overconsolidated clays have been 
troublesome, as natural slopes and excavations often fail 
years later at strengths much below the laboratory peak 
strengths (James, 1970). There are, therefore, tine- 
dependent processes at work which are causing a significant 
reduction in the operative strength of these materials and 


which subsequently lead to long-term slope instability. 


Morgenstern (1977) has distinguished two such processes 
which may lead to strength deterioration of stiff fissured, 
dicontinuous clays with time; viz, delayed and progressive 
failure. Morgenstern stated: 

"...-Delayed failure is taken here to include 

all processes that contribute to the reduction 

of shear strengths with time". 
One such process is pore pressure equalization, which 
essentially involves the dissipation of negative excess pore 
pressures (generated by the stress relief of excavation) to 
the long-term or steady-state condition. Another common 


process is softening, which effectively reduces the shear 


strength from the peak to the fully softened strength (i.e. 
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The other process, referred to as progressive failure 
involves: 
“..e-The non-uniform mobilization of shear 
strength along a potential slip surface. If 
the soil has work-softening stress-strain 
characteristics and it is being deformed to 
failure, some elements will reach peak 
strength before others and therefore when 
failure finally ensues, some elements will be 
beyond peak strength while others have just 
reached it." 
Analyses would indicate the mobilization of an average shear 
strength less than the peak, i.e. c'=0 with @* less than the 


peak value; the limiting 9" being the residual value. 


A number of theories and mathematical models have been 
postulated to account for the mechanism of progressive 
failure. Skempton (1964), when formally introducing the 
concept of residual strength, proposed a theory of 
progressive failure in which structural discontinuities act 
aS stress concentrators: 

",..Not only will the fissures and joints 
reduce the average strength of the clay mass, 
but they can cause the peak to be crossed, as 
a result of local overstressing and a 
progressive decrease in strength will follow." 

His theory, however, is based on the premise that the 
strength would inevitably reach the residual condition 
everywhere along the incipient slip surface. Bishop (1967) 


suggested a mechanism based on local overstressing in terms 


of the shear stress (in the short-term, undrained condition) 
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or the ratio of the shear stress to the effective normal 
stress (in the long-term, drained condition) in the _ slope; 
when the limiting value defined by an elastic solution is 
reached, local failure will occur. Bishop went on to explain 
that only changes in the loading conditions or pore 
pressures will lead to a progressive extension of the zone 
of failure along the potential slip surface, while within 
this zone the shearing resistance will begin to drop from 


the peak to the residual value. 


Theories based on the release of high horizontal 
stresses upon excavation in overconsolidated materials have 
been proposed. Duncan and Dunlop (1969) with the use of a 
finite element stress analysis, have predicted the 
occurrence of localized failure in zones of overstress 
brought about by the release of high horizontal stresses. 
They have shown the effect increased markedly with higher 
values of Ko , while the variation in the modulus of 
elasticity had little effect. Yudhbir (1969) has also 
postulated a progressive failure mechanism based on the 
effects of the release of high horizontal stresses. On _ the 
basis of Ko -unloading oedometer tests, which resulted in 
shear failure of the specimens, he concluded that Ko - 
unloading in the field would cause failure down to a depth 
of forty feet. Additional shearing deformations associated 
with further unloading were believed to result in the 


propagation of the failure surface. 
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Bjerrum (1967) explained in great detail a progressive 
failure mechanism based on the release of the recoverable 
stLain energy due to the effects of weathering on diagenetic 
bonds. He postulated that three conditions must be satisfied 
before the mechanism is possible: 

1. Shear stress concentrations at the toe of the 
Slope must be larger than the peak strength of the 
material. 

2. The clay must contain a sufficient amount of 
recoverable strain energy. 

3. The material must show marked work-softening 


characteristics. 


Analytical studies have been undertaken to model the 
mechanism of progressive failure. For example, Christian and 
Whitman (1969) have theoretically illustrated the effects of 
horizontal stress release and non-uniform swelling in terms 
of elastic, plastic and strain-softening behavior. Their 
model was in terms of the bonding between a single layer of 


the materiai and a rigid base. 


Lo and Lee (1973) have established a finite element 
solution of the stress distribution in a slope of strain- 
softening material and have shown that if the rate of 
decrease of the drained strength is known, the time of 
failure of excavations may be predicted. These analyses, 


however, are based on simplified stress-strain curves and 


mies i Die he, wh ae Tage oY Var fat 


u nidvaevooon ae to anaoe pier ‘ao 


pitenopsth 10 pad ald Rie. bi 

‘balratsba od vane ‘sehen oe 
Ue Td 
p 7 i » Wn cay Hee +a 

eit So got ro to sdolse 


ne Jeo" xenon ‘toeg oad aad i ieaet 


i ous 


_ i. pts | Meaney 2 
to touome  daatonrivs 8 ttesao jane ysis ott) ia 


wetter’. tre ate ofdg7avesea) 


d 


neraeyver sen petven «eda secon  deiveran) ott: en 
aoksntrex antag: << - 


| vs Poe 
sig iehow 62  neseti9ba0 teed. awed 2othpse baokay nah | mane 
: Lore pi ¥ ek 


bas garsesie volaqnse” a5 setwList oviteneeord “te seinnd 


RAs 


ewigd a4 pul tone ‘exe 2tay=n08 bas: sauetog averse ‘ aiaee 
1 
aLedt -08v pied “pnknad3ou~aieaye bate, “pisenty ynivae 


: A » A®, 


20! royal oiuaie 6 _asewsed —— sas ao h soieieiel ak Bey 
prey: ures 


(oO , i 
ie; 


4 il wat we i 


sapnote of baky 5 pede Edad ovat: schladetd | eat aloe “a 
ge Ms al Per 
“1 bese, ‘to: oqode b, ai aol snd aekB eeonre rene. ta na 
Na a i er 


to Sts Vag (RAH, aol: oat bea Spit hs a 
at P Llipwaselh 


very limited zones of failure. Moreover, they assume that 
all the elements in the slope follow a unigue strain- 
softening characteristic, which in reality is not the case 


(Simmons, personal communication). 


The preceding proposed mechanisms and analytical models 

of progressive failure have been well established on a 
hypothetical basis, but as Morgenstern (1977) pointed out: 

"...there appear to be no well-documented case 

histories of first-time slides in heavily 

overconsolidated soils to indicate that 

progressive failure plays a dominant role in 

governing stability." 

For example, the Seattie Freeway slides in 1962 and 

1963 which Bjerrum cited as evidence of his mechanism, have 
Since been proven by Palladino and Peck (1972) to have 
failed along zones pre-sheared by periglacial processes, 
Furthermore, steep, high slopes which would certainly have 
non-uniform stress conditions, have remained stable for 
extended periods of time (e.g. Esu (1967) discussed such 
Slopes in Italian clays). Several failures in intact 
overconsolidated clays, mobilizing both peak values of c' 
and @* have also negated a progressive failure mechanism . 
For example, the Selset case (Skempton and Brown, 1961) 
involved the failure of a slope in an intact, heavily 
overconsolidated boulder clay which demonstrated perceptible 
strain-softening behavior; analyses conducted using a c* or 


@* lower than the peak values resulted in unacceptably low 


factors of safety. 
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A case history, however, has recently been published by 
Burland et al (1977) which is in "broad agreement" with the 
mechanism proposed by Bjerrum (1967). Sip movements 
occurred ina 29 m. deep brickpit which was being excavated 
in the overconsolidated Oxford clay. The authors concluded: 

"OQverthrusting relative to lower beds occurred 
by sliding on a shear band which developed by 
progressive failure as the maximum shear 
stress exceeded the peak shear strength along 
bedding planes near pit base level." 

James (1970) analyzed more than fifty first-time slides 
in eon overconsolidated clays of the United Kingdom in 
an effort to establish the validity of the progressive 
failure hypotheses. It was found that the majority of slides 
had failed with a value of effective cohesion approaching 
zero while maintaining an effective angle of shearing 
resistance at or greater than the laboratory peak value; 
hence, progressive failure waS an uncommon occurrence. AS a 
rational explanation as to why progressive failure is rare, 
James (1970) pointed out that large displacements, often in 
the order of feet, are necessary to develop residual 
conditions ona continuous slip surface. He quantified this 
in terms of the field strain, defined as the ratio of the 
amount of slip movement occurring to the length of the slip 
plane (approximately the ratio of the scarp height to the 
height of the slip). The results of the reduction in f° 
calculated from slides in the London, Oxford and Lias clays 


plotted against field strain are shown in Figure 1.2. 
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Coupling these results with the work of Bishop and Lovenbury 
(1969), which essentially proved that there is no path to 
the residual which by-passes the peak, James (1970) came to 
the conciusion that : 
"...The need for relatively great deformations 
to produce residual conditions may now be 
considered again in relation to the hypothesis 
of Bjerrum (1967), or the hypothesis of 
lateral earth pressures, Yudbhir (1969). It is 
suggested that unless deformation is very much 
localized, along one thin layer or at the 
interface between two somewhat different 
layers the strains would be too smali to give 
anything approaching the residual." 

Re went on to state that non-uniform swelling could 
also produce localization of strains, with residual 
conditions being attained at sa,uch lower deformations 
(analogous to those produced at the boundary of competent 


and incompetent beds during folding); thus the progressive 


failure mechanisa would be made time-dependent. 


In the light of the preceding work by James (1970) and 
the work of Skemptom (1966) and Morgenstern and Tfchalenko 
(1967), which described the formation of a continuous shear 
zone from the progressive coalescence of minor (Riedel) 
shears, Skempton (1970) discussed two successive post-peak 
stages of development of first-tinze slides: 

"...a) dilatancy and the opening of fissures 
leading to increases in water content and 


culminating in a drop in strength to the fully 
softened value, at which stage there is 4a 


softened shear zone with numerous 
discontinuous shears; 
Db) development of principal shears of 


appreciable length some of which eventually 
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link together and form a continuous’ shear, 
when the residual strength is reached along 
the entire slip surface." 

From the preceding discussions it therefore appears 
that time-dependent, first-time slides in discontinuous, 
overconsolidated clays may best be explained in terms of 
delayed failure, involving such processes as pore pressure 
equalization and softening. As Morgenstern (1977) has 
indicated, great care should be taken in the evaluation of 
post-construction pore pressures in order to distinguish 
between the alternative explanations of delayed failure. For 
example, Vaughn and Walbancke ( 1973) observed substantial 
negative pore pressures in a cut slope in London clay nine 
years after excavation. In re-analysing many slope failures 
in the London clay that had been mainly attributed to 
softening processes (e.g. James, 1970), they came to the 
conclusion that the slips were delayed primarily by pore 
pressure equalization. The process of pore pressure 
equalization is discussed further in Chapter IV. Various 
mechanisms of softening, which have been proposed through 


the years, are outlined in the following paragraphs. 


A softening mechanism was first postulated by Terzaghi 
in 1936 to account for the time-dependent strength decrease 
and failure often observed in fissured, overconsolidated 
clays. This softening mechanism, subsequently applied to the 
analysis of failures in the London clay by Skempton (1948), 


involved the opening of fissures and joints due to the 
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lateral stress relief upon excavation. Owing to the high 
strength of the clay, the discontinuities would remain open 
to great depth, hence, allowing ingress of water. The clay 
exposed on the fissure surfaces would begin softening, the 
material would deform and aé_ée stress redistribution would 
occur. The end product is a clay essentially reduced to its 
normally consolidated or "fully softened" state (Skempton, 


1948) . 


Eigenbrod (1972) has pointed out that this type of 
softening does not depend on large deformations before 
failure, but is | dependent on the presence of 
discontinuities. Furthermore: 

"J.e-it is likely to be rather slow in general 
and noticeable strength decrease can be 
realized only after decades." 

Skempton (1970) proposed a softening mechanism which 
was largely dependent on localized Riedel thrust shearing 
with subsequent softening in the post-peak stages, as has 
already been described. The displacement necessary to reduce 
an overconsolidated clay to the fully softened condition is 
several times greater than the displacement to the peak, but 
it is ‘considerably ‘less than that corresponding to the 
residual; i.e. displacements measured in inches rather than 
feet. Therefore, the displacements which result from 
unloading {overstressing) or the Ko -effect may be great 


enough to initiate the mechanism proposed by Skempton. 
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Morgenstern (1977) upon reviewing the studies of Patton 
(1966) and Marsland (1972) which suggest different modes of 
failure of discontinuous materials above and below a certain 
threshold normal stress, has postulated; 
",.eThe result of softening may simply be to 
reduce the dilatant characteristics of the 
fissured system at low effective stresses." 

in other words, the geometric component of shear resistance 


(commonly referred to as the "i" angle) will be lost due to 


softening of the intact material between the fissures. 


Another process of delayed failure, physical 
weathering, is discussed in greater detail in subsequent 


chapters. 


1.3 Purpose of the Investigation 


In the light of the preceding discussions on the nature 
of the Whitemud Freeway slides and progressive versus 
delayed failure mechanisms, the purpose of this thesis 


investigation is therefore : 


Wee To Study “and assess the factors, such as 
structural discontinuities and compositional 
heterogeneity which control the strength and stress- 
strain characteristics of the Lake Edmonton deposit. 

2. TO evaluate the effects of physical weathering 


processes such as cycles of wet-dry and freeze-thaw 


pies Snel ae a ea , 
| ee geben saa300h tp, saoudon! 
bat a93" 8, wallet mo, orn 


odd oh an a >) dmBIRLED eschon OHO t 

n peanoate wvesd; o wol de moseye besmae: : 
aonptakess > seeds ‘Be ‘Fresoudes, > ne 
ot aud teot ad itis (sipas ar ow ery od benaeten | 


eormae fh, ad?) qqotses Ie hiessa Yona ots ae 


or. poet 
1 ] a iy 


fentey da oaplaat ‘hotston tte “ezenorg) sod sna) |) 69) : 


Sq enperdye ws tisien insveued: nk feaenoeih’ at .pa txeda Baw ve . 


V7 : - uf 
a 
Weis sobseovel edd 36 seeded Rel Se 
i j ‘2 i 
re] A = | Nis ¢ A i ea oe - 


nausea net ho arotean ceth paibenory ery io. y adgal oad at Bi . 


tad pide. te eneiny ed staal _,aeelasfioos outilin® baz: or 
ae | ae i - HY etekereds as aobs nore te 


ho , 
welt a Of eee . : 
. wee ; 1: 


enexsey  wtasowpodq hos peebite - 4p¥cse% Bae $2 sie Be ie 


es ~ dome a0 7908 pad? aesees bap bute ot eae 


“elu 


Lanois teogues (AN “noid dowd taco kh | Leawsouttee “ 
awards: bas nro oat Toxines dokiw” ‘Wieneoiaani 9 | 
+ adibeoqed aosuomhs set odd er nbAaoe 
peiioiiaon, seoteyig. kove 


ida onncene the. vatenow 30 
; 7 ae disk, es Has: ni 


en! a) | : ry 
hal mal) " ort ; 


a 


on the strength of the soil, and to consider the time 
scale in which their effects become important. 

3. T0 investigate the time-dependent aspect of the 
landslides and to propose a mechanism of failure, 
employing a stability analysis conducted on the 1973 
slide with the strength parameters determined in the 
laboratory testing progran. 

4. To assess the effects of prolonged, heavy periods 


of rainfall on the stability of the slopes. 
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Figure 1.2 Relationship Between Movement of Slip and Loss 
of Strength (After James,1970) 
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Plate 2 The 1976 slide on the Whitemud Freeway. 
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CHAPTER II 


GEOLOGIC HISTORY, SITE DESCRIPTION AND SITE INVESTIGATIONS 


2.1 Geologic History 


The major stratigraphic units of the Edmonton area 
comprised the Upper Cretaceous bedrock, consisting of the 
Belly River, Bearpaw and Horseshoe Canyon Formations 
overlain by the Tertiary Saskatchewan Sands and Gravels. The 
Horseshoe Canyon Formation, which is the youngest of the 
three bedrock units, 1S composed primarily of interbedded 
and intertonguing sandstones, siltstones, shale and coal. 
Bentonite is present both as a constituent mineral in the 
clastic rocks and as individual beds (Irish, 1970). The 
sands and gravels which unconformably overlie the bedrock, 
are found within preglacial valleys as terrace deposits and 


valley-fill deposits (Westgate, 1969). 


The preglacial topography was generally similar to that 
of today, with the exception of the glacial and post-glacial 
modifications to the preglacial drainage system, viz., 
infilling of preglacial channels with glacial materials and 
the subsequent incision of new channels (Kathol and 


McPherson, 1975). 


The advance of the continental ice sheets resulted in 
deposition of a clay till, which is referred to locaily as 


the "Lower Tic" (Figure 2.1). Overlying this are 
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discontinuous beds of stratified sands and gravels, in 
places up to forty feet (12.1 metres) thick, termed the 
Tofield Sands (#estgate, 1969). These are overlain by a sand 
till referred to informally as the "Upper Till". Both till 
units have extensive joint systems; the upper displaying 
vertically oriented, columnar joints as opposed to the 


rectangular joint system of the lower till unit (May and 


Thomson, 1977). 


The stagnation of the last ice sheet in the area 
resulted in the formation of proglacial Lake Edmonton. 
Sediments deposited during the existence of this lake 
include a sequence of interbedded and intertonguing silts, 
sands and clays overlain by varved clay and silt (Hughes 
1958, May 1977). Development of the lake is believed to be 
due to the ice blockage of drainage on the eastern, and 
probably the northern and souther shorelines. Hughes (1958) 
has divided the history of glacial Lake Edmonton into two 


stages. 


Stage I involved the steady expansion of the lake as 
ice on the shores and ice-islands in the lake melted. Hughes 
(1958) has postulated the lake to be of superglacial origin, 
which after continued melting of the ice came to lie 
directly on the underlying till. The sediments were 


transported into the lake from a nuaber of sources, Viz.: 


1. Meltwater streams carried debris fron the 
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downwasting ice masses into the lake. The coarse 
fractions were deposited on the margins while the 
fines were carried to the center of the basin. 

2. Icebergs and shore-ice rafted material into the 
lake. 

3. A reworked pitted, deltaic deposit which was built 
into the lake from the west provided silts and sands 
to the basin (Figure 2.2; unit 3a represents the 
remnants of this delta). This is believed to have 
been the main inlet into Lake Edmonton during Stage 


IT. 


The lowermost units of the "Lake Edmonton Sediments" 
are predominantly well-bedded, poorly sorted sands (Figure 
2.1) which have been penecontemporaneously deformed into 
folds (Westgate, 1969). The predominantly sandy composition 
reflects the relatively high energy of the meltwater in the 
initial stages of the formation of the lake. As the lake 
filled to its maximum depth, which is believed to be about 
365 feet (Hughes, 1958), a seguence of interlaminated buff 
silits and dark silty clays were deposited. The 
interlaminated sediments have been highly disturbed and 
contorted in some localities. The disturbance may be 


attributed to a number of phenomena, including: 


1. Large, floating icebergs, which when blown across 


the lake scoured and churned up the sediments. 
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2. The deposition of ice-rafted pebbles, stones or 
chunks of frozen till, sands or bedrock disturbed the 
bedding when settling into the soft, unconsolidated 
sediments. 

3. Submarine or subaerial slumps may have occurred 
upon seasonal drawdown of the lake level. 

4. The slumping of superglacial material from glacial 
ice into the lake would have disturbed the lake 


floor. These deposits are similar to turbidites. 


The damned-up meltwaters continued to fill the Lake 
Edmonton basin until an outlet was uncovered. Such an outlet 
was found in the southeastern section of the lake (Figure 
2.2) and has been termed the Gwynne outlet. The subsequent 
partial afaanage of the lake through this spillway marked 
the end of Stage I. The maximum aerial extent of the lake 
roughly corresponded to the unit marked "Lake Edmonton 
Plain" on Figure 2.2. The basin of the lake was trough 
shaped, with the long axis approximately parallel to the 


North Saskatchewan River system (Bayrock and Hughes, 1962). 


The drainage of the lake through the Gwynne outlet was 
at first slow, as lacustrine silts and clays continued to be 
deposited in the region near the spillway. With time, the 
spillway incised into the underlying glacial sediments and 
bedrock and flow greatly increased (Bayrock and Hughes, 
1962). This drainage stage was probably of relatively short 


duration, as the lack of beaches in the shoreline regression 


ie okt yy 
nm ny 
40. <i sama ‘ne 


od? bodderekh sowbed 3 ‘oa 
hadshiioasodan’y nt OB) adh “aso i 


& 
= 
pha 
£ 
Lea) 
+ 
* 


ie ee ea ei fyt 


haved eked) itt ae" nwont eae 


fptasty woct bea. jon Letoels v9qDe to Ba, hq me 


et eft Bedside ee ated | Kigiow ates sot 


7 ay a 
aktboia ds. oF tehinig elk 2 rT! if oh casi’ 4x00 


a8 
7 

- . : i - _ 

j i a ep a 

a dees t+ et: ost Late. eeD Sera od qu-feansd oat 
> i > ow a > ie = ' ; 


ae 


ss : , 
| , tieoeenitn paw tettso as £2 Scat ae sora 
¢j y {) cy wm? a He a, ee = = bs ; a 
. aeteate god spon end. = 
_ — 
; ; a , . r 7 | a? i 744 Sac 
a f ee hy me ‘ ba i DSO MS 
| 
a ; ; Bs + MEBs ie its 
= P i oe : sia 

ry coe OAT 3% vp ete j l rh a on Febaog asthe tte 
a ; : , = : 
| cited od? .53k. sonpit nie "ake 

‘ : j > P ‘ ss 7 
it of fallsoneg ‘eatenheowgs alzs praiol 83 ayee’ 
. r 
c ~ = a i anny 
6c At meow bas AoW \ nathege wivis asvodlotates® 
» ie Oe q SOD Te) a0 : A i piers. 
1 
_ : a 
| wows et? dpdovds etal oiy Bo »spaaissh 
yy 

P ‘ ae es ~ cree as vaee - ‘ iP an ke Taw ba <—_» her 


uae fos ray nk) . beeen i giteeap «old Ban. 
wet ting arin - PAY > a 
ied de tte aah Rede apsutar ab 


‘vik 
i Pe anes pay 


22 


areas seens to indicate. The presence of ice-rafted 
materials in the youngest lacustrine deposits indicates the 
existence of shore-ice and icebergs until the complete 
drainage of the lake. The drainage through the Gwynne outlet 
was thought to have lowered the lake level about 100 to 150 
feet, thus effectively draining most of the Edmonton area 
(Bayrock and Hughes, 1962). With further degradation of the 
ice in the northeast, the present North Saskatchewan River 
system developed and in time completed the drainage of 


glacial Lake Edmonton. 


During the Altithermal period, 7,000 to 4,000 years 
ago, the climate of Alberta was much drier and warmer than 
at present; sand dunes formed to the southwest of Edmonton 
(Figure 2.2) and desiccation is thought to have occurred at 
least into the upper Till Zone (May and Thomson, 1977). In 
post-Altithermal times little modification of the general 
topographic features has occurred, with the exceptions of 
Bitace instability along the drainage courses and the 
physical and chemical weathering of the surficial soil 


ZONCSe 


The site location and study area, which are depicted in 
Figures 1.1 and 2.3 respectively, are located in the central 
portion ofovthe. Lakes Edmontone plain (Figure 2. 2).. An 


examination of the 1950 air photos (RCAF A12865, #53 and 


a ; ae 
Bev a allied oe 


Ry uy kn ¥ YY i » gy 4 
: y P ‘ D 
bean —rokwOWER Bich TO fenie pal aheiact! rere. 
; ten Ks 
sos expos hdysn3 wee + Baer vase 
J ey : 
cae | ages St : 


=> 


- * ¥ A aa 
} iW ; r _ 
‘ 
oe . i 3 , 8 of “enh oe on 3: 
' Vv H : 4 DP =e ee t “ } UA st® ma " 
% j i i 4 iy pat 
. fst+EL wontis Lepine: 
' rf ‘ P= by aS 3S Sn o7 
niatioe 
; sit vrois arta! dosed 
; a 
tie derives ads i pipogdtcst lap igets (fam 
' 
af ioe ‘39. 184 1443989 
: ‘(ays i= 
i H 78 
od iol a wy a ae 
ni P34 by uD re* bien ybut ay trite Br oes 
jearead. odd nb hotedal ete, 7s av L9 yale 2 Fok ous | 
y \ ‘ 0 .~ role t » 


TA ve hSaed Gspps®) ikekg tose combs elt 


23 


#54) reveals the site to be situated on a topographically 
high, level area between two tributary drainage networks of 
the North Saskatchewan River. Morphological features of the 
underlying 1 9 are faintly discernible through the 


lacustrine mantle deposits. 


A field investigation of the study area (in particular, 
the backscarp of the 1976 slide as noted on Plate 2A, 
Chapter I) was undertaken in the spring and summer of 1977. 
The compositional heterogeneity and structural complexity of 
the deposit obviated the possibility of defining a "type- 
section" for the site, so compositional and structural 
peculiarities of the section are highlighted in the 
discussion that follows. Detailed stratigraphic mapping to 
the nearest centimetre would be needed to completely define 


the section. 


The section generally displayed a mottled texture of 
buff silt and dark gray clay, with sporadic root channels 
and small, localized zones of selenite. Lenses of the dark 
gray clay up to about five centimetres thick were noted near 
the base of the section, at depths from about five to seven 
m. below the top of the scarp. A zone of discontinuous, 
irregularly shaped blocks and lenses of washed, mediun- 
grained sand, each approximately 15 to 20 cm. thick was 
detected at a depth of 2.5 to 3.0 m. They persist for about 
three to four m. in lateral extent. The boundaries with the 


mottled silts and clays are sharp. This would indicate that 
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24 
the sands were frozen blocks when deposited. 


Ice-rafted pebbles, cobbles, chunks of till, coal and 
sand (plate 3A) were found through the section at all 
elevations. This finding agrees with Hughes' (1958) 


observations. 


The backscarp Section could have been divided into two 
major zones on the basis of the macro-structure of the soil. 
The top section, which extended to a depth of approximately 
two to three metres below the top of the scarp is highly 
pee anced and fissured, displaying what may be termed a 
biocky or nugget structure (Plate 3B). The size of the 
nuggets, which generally increases with depth, ranges from a 
few millimetres to about two to three centimetres. The 
boundary with the lower zone is transitional, extending over 


about one metre. 


The lower zone does not possess the blocky or nugget 
structure of the upper zone. It is not, however, totally 
inact. A system of near-vertical, orthogonal joints has been 
mapped. The joints are usually no greater than about 1.5 to 
two metres high and could be traced for about one to two 
metres in lateral extent. One set (consisting of seven 
measurements) has an average strike of 2609 , with variation 
from 237° to 303° . The intersecting set trends at about 
1539 . The joints were typically moist and gleyed with 


undulatory and hummocky surface expression. The surfaces, 
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however, were not "softened" to any great degree. 


The origin of the joint sets may be attributed to two 


possible mechanisms: 


1. Isostatic rebound of the bedrock in the post- 
glacial period may have imparted tha columnar and 
orthogonal joint sets to the upper and lower tills. 
It is not unreasonable to propose further propagation 
of these structural elements into the lake sediments 
as well. The structural trends measured in this 
investigation roughly correspond to structural 
elements of this region as measured by Ozoray (1972). 
22 The intense desiccation during the Altithermal 
period could have resulted in the formation of the 
joint sets. Quigley (1975) and Mitchell (1976) have 
discussed this process of joint formation in some 


detail. 


A fissure network in the bands and lenses of the dark 
gray clay was observed both in the field and particularly in 
the laboratory specimens (section 3.4.1, Chapter III). The 
fissures were random in orientation, dip (range from 
horizontal to about 65° ), and spacing (spaced as close as 
two to four millimetres in some zones). The surfaces were 
usually curvilinear convex or concave and undulatory with a 
hummocky texture; the lack of well-defined striations 


suggests that little or no relative movement has occurred. 
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The fissures were rarely greater than about 10cm. in 
extent. Examination of the laboratory specimens (section 
3.4.1, Chapter III) demonstrated that these fissures are 
confined to the dark gray clay lenses and are not found in 
the buff silt; in fact, fissures in the dark gray clay ended 
abruptly at the clay/silt boundaries. This finding is in 
agreement with Marsland and Butler (1967), who stated: 
",.e-Clay which contained more than 60% of fine 
particles was usually found to be highly 
fissured while that containing a lower 
percentage was usually unfissured." 
The dark gray clay was found to contain about 77% of fine 


particles, while the buff silt contained only about 25% 


(Table sliIlat). 


As Morgenstern (1967) has indicated, the mode of origin 
of fissures remains obscure. Two possible causes of the 
fissures found in the dark gray clay lenses and bands are 


postulated below: 


1. Desiccation, such as that associated with the 
Altithermal period, may have resulted in the 
generation of the fissures. Differential desiccation, 
which is here defined as the simultaneous desiccation 
of subd aeeeea materials with markedly differing 
shrinkage characteristics could account for the 
random orientation versus the more vertical 
inclination of typical shrinkage cracks. 


22 The Lake Edmonton stratigraphic column could have 
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been completely frozen in periglacial times, when the 
retreating ice was still in close proximity. The 
fissures, therefore, may be remnants of selective 
periglacial ice lensing in the dark gray clay-rich 


material. 


Fookes (1965), Esu (1966) and Skempton et al (1969) 
have indicated that fissures or joints of tectonic origin or 
associated with shearing processes generally show a 
preferred orientation, while those due to physical and 
chemcial weathering or desiccation processes are usually 
randomly oriented. These observations tend to support the 
theories postulated above, rather than a tectonic or induced 


shear origin. 


In summary, the main points which the preceding 
discussions have emphasized are the compositional 
heterogeneity and structural complexity of the Lake Edmonton 
Sediments in which the slope failures have taken place. The 
heterogeneity has been attributed primarily to processes 
associated with the deposition of the materials, such as 
disturbances due to icebergs, ice-rafted materials or slumps 
and mudflows. The structures, on the other hand, can be more 
readily related to diagenetic processes such as physical 


weathering and desiccation or isostatic rebound. 
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The site investigations on the Whitemud Freeway cut 
pertinent to this thesis research were undertaken on two 


separate occasions: 


1. During the fall of 1973, a detailed survey and 
subsurface exploration program was conducted on the 
1973 slide by graduate students of the Department of 
Civil Engineering. 

2. During the spring and summer of 1977, an extensive 
soil sampling program was undertaken by the author in 


the vicinity of the 1976 slide. 


The results of both investigations, including landslide 
plans and profiles, borehole information and Sample 


locations are presented in the following subsections. 


2.3.2 Investigation of the 1973 Slide 


The location and nature of the 1973 slide are depicted 
on Figure 2.3 and Plate 1 respectively. AS mentioned in 
Chapter I, the slope failures in the Whitemud Freeway cut 
have been along non-circular slip surfaces. One of the main 


objectives of the investigation conducted in 1973 was to 
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define the location of the slip surface precisely; this was 
accomplished by a series of six boreholes and five toe 


trenches, subsequently tied together with stadia surveying. 


A detailed plan of the 1973 slide with the location of 
the profiles, boreholes and toe trenches is presented in 
Figure 2.4. The profiles and the location of the the slip 
surface, as interpreted from visual offsets and cavities in 
the boreholes and direct observations in the toe trenches 


are depicted on Figures 2.5, 2.6 and 2.7. 


2.3.3 Investigation of the 1976 Slide 


They .l9'6 ssie de Gridgure, «2.3), which |is an, part.a 
reactivation of the 1974 failure, was repaired in the spring 
and summer of 1977 by the City of Edmonton. The primary 
method of Stabilization involved the installation of 
counterfort drains. The soil sampling at the site was 


undertaken in conjunction with this stabilization program. 


It was at first thought that block sampling would 
provide the best quality, undisturbed specimens for the 
laboratory testing program, but this was not the case. The 
samples in the upper zone were carved with little 
difficulty, but upon transportation from the site they 
literally "fell apart" along the structural discontinuities. 


A tube sampling procedure utilizing 10.2 cm. diameter 
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30 
pitcher sampler tubes was considered the best alternative. 


The method of sample acquisition was as follows: 


1. The first step was to excavate a level portion or 
a bench into the material to be sampled, whether it 
be in the base of one of the trenches or the 
backscarp. 

2. After the bench was suitably prepared and leveled, 
"starter or guide holes" were drilled for the tubes. 
A - portable, gasoline powered auger was used for this 
operation (Plate 4A). The holes were usually drilled 
about 10 cn. deep on approximately 20 cm. centers. 

3. The tubes, being properly positioned in the 
starter holes, were thrust vertically into the bench 
With the shovel of the backhoe as shown in Plate 4B. 
4. Recovery of the tubes was accomplished by either 
wrapping a chain around the end and extracting them 
with the backhoe or by simply excavating the bench. 
Upon recovery, the tubes were immediately transported 
to the Soils Preparation Room at the University. The 
samples were at that time extruded, waxed and placed 


in a moisture controlled room until testing. 


The locations of the samples used for the testing 


program are depicted on Figure 2.3 and Figure 2.8. 
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Plate 4 Sampling Operations- The 1976 Slide. 
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CHAPTER III 


LABORATORY TESTING PROGRAM 


3.1 Introduction 


The results and interpretations of the various 
laboratory tests conducted for this research project are 
presented in this chapter. The materials tested were 
obtained from three specific sample locations, as was 
outlined in Chapter [II (Figure 2.8). For the purpose of 
discussion, tube samples T-33 to T-40 will be designated as 
"Weathered", T-41 to T-44 as "Intact" and T-27 to T-32 as 
"Toe" samples. The shear strength test results are grouped 


according to this classification. 


Due to the extremely complex nature of the soil, two 
distinct components, namely the dark gray silty clay and the 
buff clayey silt were separated and tested individually. For 
ease of discussion, the dark gray silty clay will be 
referred Btoslastetciay "sr atdarkougray? tclay"sLortYclayserich 
material" and the buff clayey silt as "silt", "buff silt" or 
"silt-rich material". These connotations are based solely on 
the grain size analysis (Table III.1), as results of the 
Atterberg limits identify the dark gray material as a "CH" 


and the buff material as a "CI", 


ie 


Dy 2 Fe 


apolsan 2s We ‘aackopranaiiae one. ‘ 7 
whe switory da anne: BLO) apt ‘he Socbeor, anne 


ate hate ax Sfeitatee . pat i <pergada eid a - - 


iy 
Bee  SBu. §dnoltaool: oben ame oid boas owt} noaae 
to suoqang’ add. 30! mye: Pas osphty 3 qabqeaal. aah ae 
hotaay teal, ed ELiy O4=T ot Sean. adadgnae: atud olenuna 
| | subs 


oe SE=T oF wS+ fen *e4et 07." as sh? at feet . Sbexed ta 


jeot Aspgetsa T8ens oA? wdtqabe oo 


heqroip eas #etivde 
oiteosttieesly e447 of patieeree 
agaxipal sgisaeiii iG <ae> di bus giegt- xebol Sh 
- s aa wg wr he 
re 7 . 2 ; Tg 


ows ee da ad ho band bm Se kGgO~ Tews 2 aes OF ead as 


Uy 


en? bite. yetd x cttte: ys2p Ashi oi ‘yloant seinasopaas nee 
‘20% {hha baba be tGes Out bos Sages ets" 90 ke toesto xe 
ex trae rete 7 tke! weap: Peres ond yaokeousath ove a 


‘goin £0 npnto’. yeze Haber y ¥ynto” 26 of, seal 
10 wake ied" gusta aa ite yayars atud eff ene 


nh 
Ae 


ae yioles beans, ete, stig kratoa nos. ‘godt Nhakaesne, ai 


> pe 


ais rs “an” tt ett side iiaylens oxite ues 


“oer i 


#25" Bae intrested ‘fee ‘Hae8 aut AS sinisbimnal edimtt pra 
Sees eA ape P is tatieson alin ta 


40 


The majority of the dark gray clay sample was obtained 
from the failed sample of Triaxial Test #2 (sample T-43b); 
additional material was collected from Tube Sample T-44 in 
the vicinity of the samples of Direct Shear Tests #3 and #4 
(Samples T-44a and T-44b). The clay was highly fissured, 
With fissures spaced as close as two millimetres in some 


instances, and displayed a laminated or leafy structure, 


The buff silt sample was taken from Tube Sample fTf-43, 
directly below the material from which the sample of Direct 
Shear Test #2 (Sample T-43b) was carved. This silt-rich 
Material displayed such structures as contorted varves and 


conchoidal fracture patterns. 


AS was expected, the clay-rich and silt-rich samples 
yielded markedly different index properties. The results of 
the Atterberg limit, hydrometer and specific gravity tests 
are summarized in Table tIi1.4 (moisture content 
determinations for all the shear strength samples are 
presented in Tables I1I.6 to III.8). Due to the variable 
amounts of dark gray clay and buff silt in most of the 
samples, an accurate determination of the Liquidity Index is 
impossible. However, a range from about 0.1 to 0.5 using 


clay-rich and silt-rich samples respectively can be assumed. 


Also included in Table III.1 are the results of X-Ray 
Diffraction tests performed on the clay-size fractions (i.e. 


finer than about two microns) of the two samples. 
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Mineralogical composition determinations, using this X-Ray 
Diffraction technique, are to be considered accurate to + 10 


percent. 


A series of three consolidation tests were conducted on 
Material from a nearby location at the site of the 1976 
slide. The tube sample was from a depth of about three 
metres (the sample location, at the east flank of the slide, 
is depicted on Plate 4b). The oedometer samples were carved 
by carefully pushing a sharpened mold into the soil and 
trimming the excess as the mold advanced. The samples tested 
were 6.335 centimetres in diameter by 1.58 centimetres high. 
Typical results of one of these tests are presented in Table 


DeLee 


The average coefficient of consolidation for the 
primary loading cycle to 96.6 kPa is 5.0 x 10** cm?/sec. The 
average swelling coefficient determined from the unloading 
stages is 1.11 x 10-* cm2/sec. Using Casagrande's technique 
for determining the maximum preconsolidation pressure, a 
value of 72 kPa was obtained, which compares with an 
original overburden pressure of approximately 53 kPa. 
Therefore, an overconsolidation ratio of about 1.4 is 


indicated. 
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An extensive shear strength testing program was 
undertaken to define the effects of physical weathering on 
the deposit, to try to put a time scale on this weathering 
and to check , through stability analyses, how these 
processes may affect the stability of the cut since its 
inception. For these reasons, the materials designated as 
"Weathered", "Intact" and "Toe" were chosen for testing. The 
following subsections will present brief sample descriptions 
and textural and structural differences between the three 
groups of samples, methods of sample preparation and 
procedures for performing the triaxial and direct shear 
tests, methods of interpretation of the raw test data and 
finally the test results. Interpretation of the results will 


be presented in a subsequent subsection. 


Although the deposit is very complex, with both facies 
and stratigraphic correlations being very difficult (as was 
outlined in Chapter II), there are certain distinctions both 
compositionally and structurally which may be made among the 


three groups of samples tested. 


The material designated as "Intact" is, for the most 
part, composed of the dark gray clay and the buff silt 


described in the Index Tests subsection, with, in addition, 


ie patied3 sew byptar eg: to state ois ait = a sprite 
; | @ 08 
‘Patsedeon kde me ofan. aks s ‘x0 a2 t ens 


| est » @ ithe a7 aft ete yshtidate od} 13008 


ie ath ? r aay a ; 


| bad i on ate ae ie ge nus 


an a iy 


42 ile ¢ “era, Ree a 
: ry _ | a eed ai rar pee: 
enw eetyeas ‘paises? dtpwat os * Bo weet arti — 


eit ‘ 
can a, ay a iy 
a oF a 
a“ ri 
ie pp lla > 
wt hod erigiees aisisoine out yenor som gaedd | ‘508 n 
a -yak dasa 302 itp2ond. St0R maoTh Sas "seesaEm stheneson 


' a 


hl 


owedd | ved cadre ities ‘ApH 19 


ano tsg£soaeb olguse tet tasaond fLiw. ancks seeder gatwo leah 
seuss odd) wroewtod | aeonesotite [saad biratee hae iéavoxs) na” 
hos SoLtamnqarg siqnne, to abolition soiqese § to equomp r 
teode toaabh hike tekxsitad of7 palexotzeq- 36h eon beDOme 
bas inal ese Men add ao Okt 5399979 FMR to a bed sem \etess 
ial ad ioeet edd 2G dottetergzetal sotivaea feet eat tiLeo eR 


-tottoeadus Jno pozdre 6 OL ~ ie 


aS 


ancidaiineeg elanse t . web 4 


‘pie bow’ | stood, A3iw, .xeiqaos, (209 ak 4keoqob, oat) peuuane = 
ae, jnsih' diuDoRRb yasyv pated anottslattop ohsnesttoaise aa 
ted’ anotionbranh abet a0 erg er 9s a(2t wea gad ah ees 4 
wit Qeoms shea! ae v8 dDdity: Xd Loautouare Sug pttpookad . 

ee) oe ee, i $i sbedaod eodqase, 015 atl 7 


AJ 


juve | aa) ea rr nos jaa istin “oat | 
shee ais “a Lies bal bay cu a0. nea val | 


Fa ain 


: 7s ne 


43 


localized sand pockets and isolated pebbles. The 
interrelationship of these components is so complex that no 
two Samples would be alike, no matter how small the 
reference scale. Therefore, peculiarities of these samples 
will be discussed in a gross sense rather than trying to 


present a meticulous description of each sample. 


Plates 5a and 5b depict two Intact 10.2 centimetre 
diameter triaxial samples. Upon first inspection, the 
heterogeneity of the material becomes readily apparent. The 
overall texture may be described as mottled or marbaloid, 
with lighter silt lenses or pockets surrounded in a darker 
clay matrix, or vice-versa. Upon closer inspection, features 
which reflect the highly disturbed and complex history 
become apparent. Contorted laminations with complex kink 
bands can be noted near the base of sample T-42a. The 
boundaries between the two soil types are erratic but very 
Sharp. Flame and load cast type structures of the dark gray 
clay in the lighter buff silt may also be noted in the 
middle to top portion of sample T-42a. In sample T-4ua, a 
general horizontal to sub-horizontal banding of silt and 
Clay may be detected, but this too has obviously been highiy 
disturbed. Erratic pebbles and sand pockets up _ to one 
centimetre in size have been detected in samples as well. 
Apart from textural and compositional irregularities, 
important structural features in the Intact samples may be 


noted. 
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The clay is highly fissured, with spacing in some 
locations as low as a few millimetres. The fissures are 
random in orientation, with dips ranging from horizontal to 
about 65°. Most of the fissures are less than five 
centimetres in extent, and very few are continuous across 
the entire 10.2 centimetres of sample. Micro-fissures have 
also been noted in the dark gray clay portions of clay/silt 
laminations only a few millimetres thick. The fissures 
always terminate at the dark gray clay/ buff silt interface. 
The fissure surfaces themselves are vitreous and undulatory, 
With hummocky micro-asperities. Convex fissure surfaces are 
also not uncommon, The fissure surfaces are generally not 
striated, but have a micro-hummocky type texture, which 
indicates that little or no movement has taken place along 


then. 


A leaf-like or laminated type structure has also been 
noted in the dark gray clay, as discussed under the Index 
Tests. This imparts a structural anisotropy to the clay, 
which could result in a weaker shearing strength parallel as 


opposed to across the laminae. 


The silt-rich material, except for a few random 
fractures and loca lized laminations, iS massive and 
structureless. Fissure surfaces in the clay-rich material 
always end at the clay/silt interfaces. The fractures in the 


silt are rough and "“conchoidal", characteristic of a brittle 
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material. The laminations noted are quite contorted, 
displaying "S" folds and kink banding. The silty material, 


however, is the dominant component of the laminations. 


Minor joint surfaces dipping at high angles (809-909) 
were detected in Triaxial Sample T-43c. The surfaces were 
gleyed and slightly hummocky, similar to those described in 
the Field Description of Soils section in Chapter II. These 
joint surfaces were not continuous across the the sample and 
were no greater than five to six centimetres in vertical 


extent. 


It is apparent that the strength of the eer: samples 
will depend on the relative proportions of the silt-rich to 
the clay-rich material and especially on the location and 
orientation of the lenses and pockets of the fissured dark 


gray clay. 


The Weathered samples, as the Lutact, are all 
heterogeneous and display mottled or marbaloid textures (see 
Plates 5c and 5d). The silty dark clay occurs predominantly 
as seams and possibly remnant fissure infillings rather than 
in thick lenses and laminations. The gray clay/buff silt 
boundaries also are not quite as sharp, with diffusion of 
one material into the other. Very disturbed laminations also 
has been detected, and may be noted in the sample of 
Triaxial Test #9 as the sub~horizontal lighter and darker 


streaks. There were also numerous occurrences of isolated 
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sand pockets and small pebbles in the samples. Orange 
oxidation zones were found to correspond with these coarser 


grained pockets. 


The major difference between the Intact and Weathered 
samples, however, is in the structure. The Weathered 
material displays what may be termed a "nugget" structure; 
that is, the soil readily breaks down into little blocks’ or 
nuggets along randomly oriented discontinuities. The nuggets 
generally range in size from about five millimetres to two 
to three centimetres. The smaller nuggets occur in clay-rich 
areas of the specimens. The nugget surfaces are generally 
undulatory, convex or concave, very glossy and ridged. Each 
nugget may contain both the dark clay and the buff silt, so 
it appears that composition alone has not controlled the 
Orientation and location of the nugget fractures. Plates Tc 
and 7d illustrate the nugget structure in the failed 


specimen of Triaxial Test #9. 


The gleyed joint surfaces as noted for the Intact 
specimens also appear in the Weathered samples. The nugget 
structure though, is by far the dominant discontinuity in 


this material. 


The Toe samples are characterized by sub-horizontal 
gray clay/buff silt banding, with bands ranging from about 
two millimetres to one centimetre in thickness. The bands 


are discontinuous in lateral extent, with the effect of 
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having isolated lenses of buff silt in the dark gray clay 
and vice-versa. The contacts between the two materials are 
irregular, as with the Intact material, but are sharp in the 
sense that there is little diffusion of one material into 
the other. Thick lenses of the dark gray clay may also _ be 
found in this material, as was the case with the Intact, but 
not the Weathered. The clay bands and lenses for the Toe 
samples are characterized by a fine, blocky type structure 
on a scale of a few millimetres or less, The failed Triaxial 
Test #3c specimen, depicted on Plate 6a, shows this 


structure in the vicinity of the failure plane. 


The Toe samples, as the other materials, contain 
sporadic pockets of fine to medium grained sand and isolated 
pebbles. Pieces of coai up to one centimetre in size have 
also been detected, but these probably have little effect on 


the strength. 


In conclusion, therefore, the Toe and Intact samples 
are somewhat Similar in their composition and texture, with 
both showing marbaloid or mottled textures and banding and 
We eeantions to some extent, but are quite different in the 
structure of the dark gray silty clay bands and lenses. The 
Toe material shows a much more pronounced blocky,aggregated 
structure than does the Intact material, which contains a 
series of random fissures. The Weathered material also 
displays the marbaloid or mottled texture which appears’ to 


be characteristic of the deposit as a whole, but does not 
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have the banding or laminations to as great an extent as the 
other two materials. The Weathered material, similar to the 
clay-rich zones of the Toe material, has a very pronounced 


blocky or nugget structure. 


3.4.2 Sample Preparation and Testing Procedures 


Three types of shear strength tests were carried out on 


undisturbed samples in this investigation, viz.; 


1. consolidated-drained triaxial tests 

2. consolidated-undrained triaxial tests 

3. consolidated-drained direct shear tests 
The major advantages of the triaxial test are the possiblity 
of controlling drainage conditions and monitoring pore 
pressures in all phases of the test. There are, however, 
important limitations to this test, such as the influence of 
the intermediate principal stress being unaccounted for, 
being unable to model the effects on the pore pressures of 
rotation of the principal stress directions and the 
development of non-uniform stresses and strains across the 
sample. These and other factors are discussed in Bishop and 


Henkel (1962). 


The reversing direct shear apparatus also has its 
advantages and limitations, which have been discussed by 


Chattopadhyay (1972). The major advantages are its ease of 
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set-up and operation and the ability to subject samples to 
large displacements necessary for residual strength 
determinations. Notable limitations to the test are that the 
stress conditions in the sample are not precisely known and 
stress concentrations occur which result in progressive 
failure. The sample preparation and testing procedures for 
the three types of tests are described briefly in the 


following paragraphs. 


The 10.2 centimetre diameter drained test samples were 
prepared by selecting an appropriate section of core and 
trimming it to the required dimensions. Due to slight 
lateral expansion in the 10.2 centimetre diameter sampling 
tubes, a few millimetres of material often had to be trimmed 
from the sides of the samples. This ensured, however, free 
radial drainage and helped to eliminate the disturbed radial 
areas. According to Bishop and Henkel (1962), the effects of 
friction between the ends of the specimen and the end caps, 
termed end restraint, may be partially overcome by testing 
samples with a ratio of height to diameter in the range of 
1.5 to 2.5 diameters. For these tests, a ratio of two was 
chosen and deviation from this did not exceed about five 


percent in any test. 


To reduce the time for consolidation from about 10 days 
to a more reasonable value of about one day, radial fiiter 
paper drains (Bishop and Henkel, 1962) were employed in all 


tests. Also, to eliminate leakage from the sample to the 
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cell, two membranes were utilized in all 10.2 centimetre 
diameter tests. The use of these radial drains and membranes 
has an effect on the measured deviator load, and this effect 
will be discussed in the next subsection. The samples were 
set up in the triaxial cell using the standard procedure 


(Bishop and Henkel, 1962). 


All samples were consolidated under a back pressure of 
206.8 kPa to ensure complete saturation and to exclude the 
possibility of air locks forming in the drainage channels. 
An air ilock would prevent the sample from taking on water 
during dilation and thus negating reliable volume change 


measurements. 


After consolidation, appropriate strain rates were 
calculated (Bishop and Henkel, 1962). The rates used for 
these tests varied from 8.5 X 10-© cm/sec to 1.3 x 1076 
cm/sec and are considered to be on the conservative side, so 
there would be no question as to the completeness’ of 


drainage and pore pressure dissipation during shear. 


Following calculation of the strain rate, the triaxial 
cell was set up in the Farnell two ton capacity compression 
test machine and the sample was sheared at this rate well 
past the peak strength. Axial load cell and displacement 
transducer readings were recorded by a Hewlett-Packard data 
acquisition system, but volume change measurements had to be 


read manually from the burette. Since the tests usually fan 
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for four to five days, the volume change readings could not 
always be taken at regular intervals. The missing readings 
were subsequently determined after completion of the test by 
interpolation from a curve of the recorded data points 
versus axial displacement. The volume change readings 
determined in this manner are considered to be within 0.5% 


of the "actual values". 


The consolidated-undrained triaxial tests and three of 
the drained triaxial tests were performed on 3.8 centimetre 
~diameter samples. The specimens for these tests were 
prepared by simultaneously pushing three 3.8 cm. diameter 
thin walled Shelby tubes into a section of core and 
subsequently trimming them to the appropriate ratio of 
length to diameter of two diameters. These tests were set up 
in the same manner as the 10.2 centimetre diameter drained 
tests, but only one membrane was used, as the risk of 


leakage is proportionally less for the smaller samples. 


The strain rates were again calculated using the method 
of Bishop and Henkel (1962) and the rates used for most 
tests were comparable to those for the larger samples. A 
backpressure of 200 kPa was used in all undrained tests, 


while a value of 206.8 kPa was used in the drained tests. 


The axial loads and displacements were recorded by a 
Hewlett-Packard data acquisition system as previously. The 


drained test volume change measurementS were again read 
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manually from the burette. The pore pressures generated in 
the undrained tests were measured by means of a transducer 
and the readings were recorded with the axial loads and 


displacements on the data acquisition systen. 


The consolidated-drained direct shear specimens were 
carefully carved from the core samples by using a six 
centimetre square by 2.5 centimetre thick cutting mold. 
After the specimen was extruded from the mold into the 
Wykeham Farrance reversing shear box apparatus and 
' consolidated under the applied normal load, the strain rate 
to peak was determined by substituting the coefficient of 
consolidatation calculated from the primary stage of the 
test into the formula developed by Gibson and Henkel (1954). 
The strain rates used in the tests varied according to the 
composition of the sample (e.g. the more silt-rich samples 
would have higher coefficients of consolidation and 
therefore, greater rates). Most samples, however, were 
sheared to peak stress at load rates between 2.0 X 10-® and 
8.0 X 10-6 cm/sec. These rates, Similar to those used in the 
triaxial tests, are conservative and weil within the 
recommendations of Cullen and Donald (1971) who suggest a 
rate of 4.2 X 10-S centimetres per second for fissured, 


overconsolidated clays. 


After the peak strength was passed the rate was 
increased by about four times to obtain the residual 


strength. This rate increase can be considered valid because 
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the deformation rate formula is inversely proportional to 
the square of the drainage path, and after a shear plane has 
been formed (i.e. post-peak) the path is effectively cut in 
half. Kenney (1967) has shown that the residual strength is 
primarily dependent on mineral composition and not affected 


to any degree by strain rate. 


The triaxial tests have been interpreted and reduced 
following Bishop and Henkel (1962). A brief discussion of 
the important aspects of these procedures, for both the 
drained and undrained tests, will be presented in this 


subsection. 


In the standard consolidated-drained triaxial test, the 
effective stresses are equal to the applied stresses. To 
calculate the deviator stress, the measured load must be 
divided by the effective or corrected cross-sectional area 
of the specimen at that stage. The expression used was as 
follows (Bishop and Henkel, 1962): 


Ac=Ao (1+ AV/Vo) / (1-Sa) 


where: 

Ac = corrected cross-sectional area 

Ao = initial average cross-sectional area after 
consolidation 


AV = volume change at axial strain Sa 
Vo = initial sample volume after consolidation 
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The. consolidated-undrained test specimen was 
consolidated isotropically under a uniform cell pressure and 
then sheared under conditions of no drainage. Since excess 
pore pressures are measured in all stages of the test, the 
effective stresses can be calculated. The deviator stress 
WwaS computed using the earlier expression for the corrected 


area, but with AV set set equal to zero. 


In determining the peak strength parameters from 
undrained tests on dilatant materials, an ambiguity arises 
as to ree is the failure condition. Bishop and _ Henkel 
(1962) have found that the stress ratio or obliquity peaks 
at a small fraction of the strain required to bring about 
the maximum deviator stress. The drop in pore pressure which 
comes immediately after the maximum obliguity results in the 
continued increase in the deviator stress. The strength 
parameters derived from the maximum obliguity have usually 
been found to be slightly greater than those from the 
maximum deviator stress, but the difference is usually of 
little practical significance. The maximum deviator stress 
criterion, therefore, is recommended because it gives a 
slightly more conservative estimate of c' and #' and usually 
results in better separation of the Mohr circles and a more 


clearly defined failure envelope. 


One aspect of the triaxial tests which has to _ be 


considered is the effect of the membranes and radial drains 
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on the measured load at failure. Bishop and Henkel (1962) 
have quantified these effects and their findings are of 


interest. 


In all tests on 3.8 cm. diameter specimens one membrane 
approximately 0.01 inches (0.025 cm.) thick was utilized. 
Extensive experiments have been carried out on the standard 
rubber membranes, including estimates of the compression 
modulus of the material, but all test results are with 
respect to plastic failure at 15 to 20% axial strain. For 
this failure mode, the correction was determined to be about 
4.1 kPa at 15% axial strain. For a more brittle type failure 
on a single shear plane at much lower axial strains, (which 
was the mode of failure of the Lake Edmonton material), no 
satisfactory analysis is available. Through experience 
however, it is believed that the correction increases 
slightly with the cell pressure and at the lower failure 
strains the same correction of 4.1 kPa may be applied. 
(Symons (1967) has undertaken tests utilizing a perspex 
sample with a single shear plane to show that the correction 
does in fact decrease with the cell pressure. At a cell 
pressure of 105 kPa, the lowest tested, the combined 
membrane and drain correction was Slightly less than 14 kPa 


at five percent axial strain). 


A calculated relationship for 10.2 centimetre diameter 
samples which illustrates the variation in rubber membrane 


correction with axial strain is presented by Bishop and 
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Henkel (1962). For the four to six percent failure strain 
usually measured in tests on the Lake Edmonton samples, a 
correction of 0.1 psi (0.7 kPa) is obtained, which may be 
doubled for two membranes, giving a total correction of 1.4 


kPa. 


The filter drain correction is much more difficult to 
derive than that for the membrane alone, and the problem is 
compounded when brittle rupture on a single failure plane is 
considered. Available experimental data on 3.8 centimetre 

diameter een ere suggests that a combined membrane and 
drain correction of 13.8 kPa may be applicable to samples 
failing in the brittle mode. Bishop and Henkel (1962) 
believe that at cell pressures below about 35 or 40 kPa slip 
between the drain and sample occurs, thus reducing the 
correction. No experimental data on 10.2 centimetre diameter 
specimens has as yet been collected but the drain correction 
can be calculated based on the assumption that it is 
proportional to. the 3.8 centimetre diameter sample 
correction. Therefore, taking the ratio of the sample 
diameters and multiplying by the 3.8 centimetre diameter 


correction yields a value of 3.4 kPa. 


Therefore, from the preceding discussion using the 
limited amount of data available, a combined correction of 
4.8 kPa and 13.8 kPa will be applied to the peak deviator 
stresses of the 10.2 centimetre and 3.8 centimetre diameter 


samples respectively. The validity of these corrections will 
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be explored in a later section. 


Morgenstern and Tchalenko (1967) reviewed current 
interpretations of the direct shear test. The so-called 
"Common approach" is one which assumes that the Shear 
strength is mobilized on the horizontal plane in the 
direction of the apparent shear stress, which is defined as 
the measured shear load divided by the sample area. If the 
material is cohesionless, the ratio of apparent Shear stress 
to the apparent normal stress (the apparent normal stress 
being the normal load appiied divided by the sample area) 
yields tang! directly. In the second approach, the conjugate 
slip lines are assumed to act at @'/2 and 90° - #'/72 to the 
horizontal. These slip surfaces indicate a condition similar 
to Simple shear in the central portion of the specimen. If 
it is assumed that the principal stress axes coicide with 
those of pricipal strain rate, then the direction of the 
apparent shear stress is the direction of the maximum Shear 
strain rate, and thus is the maximum shear stress. The ratio 
of apparent shear stress to normal stress now yields sing’ 
directly. These interpretations, however, neglect end 
effects and assume constant volume deformation. Morgenstern 
and Tchalenko (1967) have discovered Riedel shear structures 
inclined at approximately #'/2 in specimens sheared to about 
the peak strength. These findings tend to support the second 
theory of simple shear conditions being set up in the 


central portion of the sample. Both interpretations will be 
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considered in the tabulation of the results. 


Aside from the interpretation of the stress state, one 
other factor must be considered. No area correction has been 
applied to either the apparent shear or normal _ stress 
calculations because according to Kenney (1967) both values 
are equally affected by the correction and thus the ratio of 


apparent shear stress to normal stress is unaffected. 


The consolidated-drained and undrained triaxial and 
direct shear test results are presented in tabular form in 
Tables III.3, If11.4 and [111.5 repectively. The effective 
stress path points at failure, failure strains and volume 
change and pore pressure conditions at failure have been 
included in the triaxial results while the horizontal 
displacements and vertical percent strain to peak have been 
incorporated with the direct shear strength results. 
Deviator stress versus axial strain and percent volume 
change versus axial strain curves for all the 10.2 cn. 
diameter drained triaxial tests may be found in Appendix A. 
(The plot titles are set up so that the number of the test 
comes first followed by the sample number, which actually 
indicates the tube sample from which the specimen was 
prepared. The values in paretheses are the cell and 


backpressure respectively). Typical undrained triaxial test 
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curves of deviator stress, pore pressure and the A parameter 
versus axial strain and the total and effective stress paths 
have also been presented to demonstrate the undrained 
response of the material. These plots are included in 
Appendix A as well. For completeness, shear stress and 
vertical deformation versus horizontal displacement plots 


for key direct shear tests are also in Appendix A. 


Tables III.6 to III.8 present pertinent "before and 
after test" properties of all the specimens tested. Included 
are the densities, moisture contents, void ratios and 
degrees of saturation, all of which assist in making valid 
interpretations | and correlations of the strength 


characteristics of the material. 


Mohr circle plots for ail the triaxial tests are 
presented on Figures 3.1 to 3.4. They are grouped according 
to the type of sample (i.e. Intact, Weathered or Toe) and 
the type of test performed. Failure envelopes have been 
drawn giving certain tests more emphasis than others because 
of sample heterogeneity and correlations with direct shear 
data. This will be discussed in more detail in the 


"Tnterpretation of Test Results" section which follows. 


The direct Shear data has been plotted in Figure 3.5. 
The peak strength values at appropriate normal loads have 
been included. All the tests, however, did not reach what 


may be termed a reliable residual strength. Some tests were 
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discontinued before similar results could be obtained on 
both the tension and compression cycles, as suggested by 
Cullen and Donald (1971). Other tests involve the post-peak 
extrusion of the "peak material" and shearing subsequently 
begins in a new and different layer. An example of this is 
shearing through the gray clay and into the buff silt 
portion of a varved specimen. AS soon as the clay is 
extruded and shearing in the silt commences, the shear 
stress will increase noticeably (Direct Shear Test #2b, 


‘Appendix A ). 


Composite Mohr-Coulomb plots of the peak strength test 
results have been prepared (Figure 3.6, Figure 3.7). A 
discussion of the assumptions made and the reasons for 
defining the various envelopes for the Intact, Weathered and 
Toe materials may be found in the next subsection. 
Supporting evidence for this interpretation from the 


literature will also be included. 


The results of the limited index tests and x-ray 
diffraction analyses undertaken for this research 
investigation are comparable to the data given by Thomson 


(1969). The grain size distributions presented by Thomson, 
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with an average of about 35% silt and 60% clay sizes 
indicate a soil which is a mixture of the two components 
studied here. An average plasticity index of 41% for the 
mixture falls between the 61% and 21% for the dark gray 


Silty clay and the buff clayey silt, respectively. 


The dark gray silty clay (Table III.1) has a clay size 
fraction of about 77%, of which approximately 60% is 
montmorillonite. This high proportion of montmorillonite is 
reflected in the liquid limit of 98%. As Thomson (1969) 
pointed out the montmorillonite is believed to have 
“Originated from the glacial scouring of the montmorillonite 
(or bentonite) rich Upper Cretaceous bedrock during the 
advance of the continental ice sheets. The buff clayey silt, 
on the other hand, contains approximately 75% silt sizes, 
much of which is probably composed of the primary minerals 
such as quartz and feldspar (Dudas, personal communication). 
The surprisingly high plasticity of this material is due to 
the high proportion of montmorillonite in the clay fraction. 
The trace of interstratified mica-montmorillonite found in 
both samples demonstrates that the deposit has undergone 


Significant weathering. 


The main point which the index tests performed on the 
two completely different components has strengthened is the 
problem of sample heterogeneity and variability. A sample 
which fails predominantly through the buff silt-rich 


material would be expected to mobilize a much higher shear 
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strength than one which fails through a clay-rich zone. In 
many cases failure has occurred through both constituents, 
and the relative proportions of silt-rich and clay-rich 
materials along the failure surface would be expected to 


strongly affect the strength of the specimen. 


3.5.22 Consolidation Tests 


The consolidation test Sample was described by 
Mawhinney (1978) as a mottied, dark gray/buff siit-rich 
material displaying a slickensided or blocky structure. The 
' specimen could , therefore, be considered to be "weathered", 
Irregular settlement was noted under the first load 
increment of 10.7 kPa, and could be partially attributed to 
readjustment along the slickensides. The coefficient of 
consolidation (Cv) for the first loading is much higher than 
the values under subsequent load increments; this may be 
partially due to the effects of fracture (mass or secondary) 
permeability. The overconsolidation ratio of 1.4 indicates 
slight overconsolidation , and this is in agreement with the 
theories of freezing and desiccation effects on soils which 


are discussed in the following subsection. 


The results presented in Table III.2 are slightly 
higher than those of Thomson (1969), but the latter samples 
were remoulded and contained a higher proportion of clay. 
Coefficients of consolidation for the 10.2 centimetre 


diameter triaxial specimens ranged from 0.82 to 3.9 xX 10% 
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cm?@/sec with an average value of 2.4 X 10-* cm?/sec, which 
agrees very well with the results shown in Table III.2. 
There was not a noticeable difference between the Intact and 


Weathered specimens. 


There was a marked difference, however, in the swelling 
coefficients of the two materials. The 10.2 centimetre 
diameter Intact sample consolidated under 20.7 kPa effective 
consolidation pressure yielded a swelling coefficient Cs, of 
0.85 X 10-* cm?/sec, whereas the weathered sample under the 
same pressure swelled at 1.6 xX 107% cm2/sec., nearly a 


-factor of two higher. 


It is believed, however, that the average swelling 
coefficient of 1.19 X 10-* cm2/sec derived from the 
laboratory tests iS not representative of the field 


conditions for the following reasons: 


1. The large scale structural discontinuities which 
were noted as being open and thus having a high 
permeability in the field investigations (Chapter IT) 
have not been adequately accounted for. Cedergren 
(1977) has pointed out that permeabilities may _ be 
increased by as much as one thousand times by 
structural dicontinuities. 

2. Sand seams with a much higher permeability than 
the silts and clays have also not been accounted for. 


3. The laboratory specimens undergo a much different 
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stress history than the material in the field. 
Unloading, then reconsolidation in the laboratory 
would tend to "close up" some of the discontinuities, 
while in the field the only mechanism is unloading, 
which tends to allow the discontinuities to open. 
Also, the action of sampling has created a smeared or 
disturbed zone around the periphery of the sample, 
which effectively closes or seals most of the 


fissures. 


Upon initial investigation of the Composite Mohr Plot 
(Figure 3.6), the reader will have noticed that there is 
much scatter in the data. In order to define the various 
strength envelopes depicted on this plot, each test had to 
be considered individually and a decision made as to the 
mode of failure; i.e. whether failure occurred predominantly 
through the buff silty material or through the gray fissured 
clay, or through or around the nuggets. This subsection 
reviews the methods used and the assumptions made in 
constructing the Composite Mohr plot and then discusses 
stress-strain and volume change relations for the _ soils. 
Examples of similar behavior are cited from the literature 


aS supporting evidence of the phenomena proposed. 


As noted in the "Methods of Interpretation" subsection, 


both methods of interpretation of the direct shear test were 


+ i ee 


ws | Pe ee Beat : 
ge qronewiteh oer 
| sei ruintsaone kB ow'te 
seahbeo bau ak” vlanmaii 
ager: os 2023 Lum EtODe Rt oan 
+0 bexaons & bereeae sth Y A ohIGG, oe 
42 » fy eee wad | ; we * suox Ber | 
itd tH Seon pias. ~ i se cet 
toy fae Pura aa tb 
on | 7 | } pi 
| ane aan is 
ols adod ed zsoqmed ‘ad Be’ sian asewnd seksi south 
ai sasd? teds feoiszou sred IS iw: “iva oat Riad : 
syoiyey ef¢ soatieh of Jeqae ef vkoeb ont ak TIP HOR RO o 
63 hed sage doses anna akas no jaaveaeb chia iit 
ett OF me shat solkegceh & haw yilewbivebne bas Sie | 
vise sennckate. Bodacme wan tio’ sasisode oak sortie? ag 
| heognee e2e. Yore wl Aesonly 10 tekxonem ya b.be stud ‘oly 
ro A nacht eae 2 twgenie one ‘begoas: 4 dpnonds a0 = 
ok: 228m nao Lagan sels ‘ies poe S ctasies oid * 7 
somata t! pant Bae yore Pecull | ak 
alkee ad? 03 aia 
eseeptatls ada aa ate in 
[ anondisa ee: Be | 
sagt Pp Paevay 


65 


considered. A much better correlation between the triaxial 
and direct shear data using the "common" rather than the 
"Simple shear" approach was noted. Therefore, all direct 
Shear data were plotted assuming the ratio of apprent shear 


to normal stress yielded tan #' directly (Figure 3.5). 


Seven direct shear tests were undertaken on the Intact 
material. Of these, four define a linear envelope with a @! 
of 20.59 and an apparent c' of 15 kPa. Two are found to lie 
bove this envelope, with approxiamtely the same #' but 
having an apparent ct of about 25 kPa and one is found well 


below the envelope. 


The four specimens on the failure envelope displayed a 
mottled or marbaloid texture of the buff silt-rich and gray 
clay-rich materials. The hummocky failure planes contained 
both the silt and clay in varied proportions. The silt-rich 
material had a torn or ragged, dull texture while the dark 
gray clay wWaS smeared out and highly polished and 


slickensided. 


Direct Shear Tests #1 and #2, which plot above the 
envelope contained more of the buff clayey silt and were 
denser than the other samples (Table III.8) These specimens 
were taken from tube sample T-43, directly above the 
material used for the index tests on the buff silt. The 
sample of Direct Shear Test #3 which plots below the 


envelope was composed predominantly of the fissured, dark 
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gray clay. When carving the sample, a large, shallow dipping 
fissure was noted which would have been situated in 
approximately the middle of the specimen. This sample, 
therefore, reflects the lower strength of the dark gray, 
fissured Se samples opposed to specimens containing 


more of the buff silt. 


Using the "average" strength parameters of C'=15 kPa 
and g'=20.59 from the direct shear tests , the 10.2 
centimetre diameter Intact triaxial test Mohr circle plot 
was analyzed (Figure 3.1). Triaxial Tests #1, #4 and #5 
yield circles which plot very close to the envelope. All 
three of these samples had the characteristic mottled or 
marbaloid texture of the buff silt and dark gray clay 
(Plates 5a and 5b). The failure planes were bi-angular, dual 
or uniform with dips ususally ranging from about 50° to 609 
(Table ITII.6). Dual or parallel failure planes separated by 
about two centimetres occurred in Test #1. The failure 
surfaces, however, all passed through clay-rich and silt- 
rich zones, and as in the direct shear tests, the silt 
displayed a ragged, torn structure while the the clay was 
polished, slickensided and often smeared out over silt-rich 


ZONES « 


Triaxial Test #2 falls well below the envelope, and the 
reason for this is that the failure was confined to a dark 
gray,fissured clay-rich lense near the top of the sample. 


Many randomly oriented fissure surfaces were noted just 
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above and below the failure plane, and it is highly possible 
that fissures were involved in the failure. Triaxial Test 
#3, which plots above the evelope, failed predominantly 
through silt-rich material (Plate 6b). The top of the 
failure plane, where it passed through silt and clay, was 
polished and slickensided, with a smearing of the clay. The 
bottom portion of the failure surface, where it passed 
predominantly through silt, was rough and displayed a torn 
texture. The "tangent" points from these triaxial test Mohr 
circles were therefore transferred to the Composite Mohr 


Plot assuming a #9 of 20.5° in all cases. 


The tangent points for the 3.8 centimetre diameter 
Intact triaxial tests were determined in the same manner, 
assuming a c' of 15 kPa and a #' of 20.59 (Figure 3.2). All 
tests are in reasonable agreement with the envelope, except 
for Tests #1c and #1d. Test #1c was observed to have two 
failure planes at 60° and 459, and, therefore, it is 
believed that structural discontinuities may have been 
involved in the failure. Test #1d could be somewhat low 
because of a substantial decrease in the membrane and drain 
correction below normal stresses of about 35 to 40 kPa, as 
discussed in Section 3.4.3. It can also be noted on the Mohr 
-diagram that the undrained tests have slightly lower 
strengths than the drained tests. This effect has been 
attributed to the different energy relationships between the 


tests (Bishop and Henkel, 1962). 
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The Weathered direct shear test results are interpreted 
as giving a bi-linear envelope, with a 9@' of 43° and an 
apparent c*' of zero in the low normal stress range and a 9@! 
of about 21° to 22° in the higher stress range (Figure 3.5). 
The break point in the envelope is at about 40 kPa, which 
closely corresponds to the overburden pressure of the 


samples (Figure 2.8, Chapter ITI). 


Direct Shear Tests #5 and #6 were sheared under a 
normal stress above the break point, and gave typical 
failure surfaces as shown in Plate 6c. The surface was quite 
~ hummocky, with the ridges about four millimetres high. Such 
surfaces have been noted by Cullen and Donald (1971) and 
Tweedie (1976) and were attributed to hard inclusions or 
zones of higher strength in the sample. Direct Shear Tests 
#7 and #8 were performed with normal stress slightly above 
and below the break point respectively. Both tests, and 
particularly #8 (see Plate 6d) had failure surfaces with 
irregularly shaped cavities, as if nuggets had been plucked 
out and ground up under the shearing action. The typical 
nugget structure was seen in all samples, with nuggets 
rarely ranging down to about two to five millimetres in 
size. The nuggets were generally stiff, but soften slightly 


with decreasing size. 


Direct Shear Test #10 (Figure 3.5, Table III.5), which 


appears anomalously high for the applied normal stress of 
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14.5 kPa, was prepared from a more intact section near the 
base of the Weathered tube sampie T-39. This sample did not 
possess the nugget structure of sample T-38a of Test #8, but 
had, instead, a series of near vertical, gleyed fracture 
surfaces, It may be assumed that these dicontinuities were 
not active in the failure, and this specimen actually 
represents the strength of the intact material between the 


fissures. 


Applying the bi-linear interpretation of the direct 
Shear tests to the 10.2 centimetre diameter weathered 
triaxial test results and using a break point slightly above 
40 kPa yields the strength envelopes as defined in Figure 
3.3. The tangent points, using the 9" angles indicated on 
Figure 3.3 have been plotted on the Composite Mohr diagram. 
Combining the direct shear and triaxial results yields the 
Weathered soil parameters of @' equal to 40° with a 
negligible c' below about 42 kPa effective normal stress and 
g* equal to 24.59 and c' equal to 17 kPa above the 42 kPa 


effective normal stress. 


The modes of failure above and below the ‘break point? 
(Figure 3.6) are different as is clearly shown by the 
photographs of the specimens of Triaxial Tests #6 and #9 
(Plate 7). These samples were consolidated under cell 
pressures of 80.7 and 20.7 kPa, respectively. The failure 
surface of the specimen of fTriaxial Test #6 was highly 


polished and slickensided except where the failure plane 
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passed through silt-rich zones, where tearing and fracturing 
occurred (Plate 7a). The failure plane , which is "stepped" 
down in the direction of movement, appears to have followed 
the thin clay-rich seams in the sample. Smearing of the 
clay, as with the Intact specimens, also occurred. The other 
photographs of Plate 7 illustrate the sample of Triaxial 
Test #9. The failure surfaces were very irregular and 
neither polished nor slickensided to any great degree. It 
appears that failure occurred along the nugget 
discontinuities and not through the intact material. The 


Sample literally "broke up" along the discontinuities, 


The Toe material direct shear tests show much scatter 
(Figure 3.5). Tests "2a, #2b, and #2c closely parallel the 
Weathered direct shear test results, and this correlation 
seems to suggest a similar mechanism of failure. Tests #3b 
and #3c plot well below the other tests (figure 3.5), but 
are very close to the envelope defined by Triaxial Test #2 
and Direct shear Test #3 (Figure 3.6). These latter tests 
failed predominantly through the dark gray silty clay, 


possibly involving fissures. 


Upon re-inspection of the sample used for Test #3b, it 
was noted that the top half (above the failure plane) was 
almost all dark gray clay while the bottom half was composed 
almost entirely of buff clayey silt. It may be assumed, 
therefore, that failure occurred along the buff silt/gray 


clay boundary, which effectively acted asSibothasa 
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compositional and structural discontinuity. The horizontal 
diaplacement to peak is a factor of five times lower than 
any other test (Table III.5), indicating that "separation" 
along the discontinuity occurred before a peak resistance 
could be mobilized in either material. The sample from Test 
#3C WaS composed predominantly of the dark gray clay-rich 
material, and therefore has a strength similar to fTriaxial 
Test #2 and Direct Shear Test #3. It is not known whether 
large ete surfaces, such as those found in the Intact 
tests above or a nuggety structure too fine to give the bi- 
linear characteristic was operational in this specimen. The 
other specimens contained varying proportions of the nuggety 


dark gray clay and buff siit-rich material. 


It can be assumed , therefore, from the limited direct 
shear data available that a bi-linear failure envelope best 


represents the failure modes of the Toe material. 


The 3.8 centimetre diameter triaxial tests on the Toe 
samples are plotted on Figure 3.4. All six specimens’ tested 
had the characteristic banding or discontinuous lensing of 
the nuggety dark gray clay and buff silty materials as 
described in Section 3.4.1, but the width and extent of the 
bands and lenses varied from sample to sample. Failure took 
place through both the silt and clay, but the clay was 
usually predominant. Tests #3a and #3b, sheared under 
effective consolidation pressures OfOT7OL andessSOrak Pa 


respectively, were observed to have smearing of clay and 
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tearing through the silt on the failure planes, as with many 
of the Intact specimen failure planes. Test #2a, however, 
Sheared under an effective consolidation orensdne of 60 kPa, 
did not develop a well-defined shear plane through the clay- 
rich zone but rather seemed to fail in a compressional, more 
ductile mode. All tests sheared at less than 40 to 50 kPa 
effective consolidation pressures developed nuggety, rough 
failure surfaces and Plate 2, which depicts the Triaxial 


Test #3c Specimen is a good example. 


The use of a ft equal to 40° in the low normal 
effective stress range, below about 42 kPa, anda @' of 23° 
in the higher conn stress range, as developed for the 
direct shear test data, gives a very good fit to the 
triaxial data except for Test #2b, which is noticeably above 
the envelope (Figure 3.4). This specimen was discovered to 
have a leak in the top drainage connection, which would 
render it a partially drained test. As with the undrained 
Intact tests, the membrane and drain correction is believed 
to be much too high for the low normal stress Tests #2c and 
#3c. A lower correction would effectively shift the envelope 
up, maintaining the same #" but giving a cohesion intercept 
closer to zero. The tangent points for these tests were 
determined using the friction angles as depicted on Figure 


3.4, and plotted on the Composite Mohr Diagram (Figure 3.6). 


Using all the Toe tests in the low normal stress range 


and reducing the correction on Triaxial Tests #2c and #3c, a 
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@* of 40° with a zero cohesion intercept could be defined, 
but the higher stress range is not as clear. It appears, at 
least, that the strength is distinctly lower than the 
Weathered and slightly less than the Intact strength for 
this stress range. A discussion of the stress-strain and 
volume change relations and "before and after test" soil 
properties will follow to clarify some of the concepts set 
forth on the Composite Mohr plot (Figure 3,6). Subsequently, 
3 oe will be postulated to explain the behavior of the 
Weathered and Toe materials as opposed to the Intact 


samples. 


3.6 Stress-Strain and Volume Change Relations of the Lake 


In his Oslo Conference General Report, Morgenstern 
(1967) reviewed in detail the peculiarities and problems 
associated with stiff clays. He has brought to our attention 
the facts that stiff clays usually have liguidity indices 
less than 0.5, have all been moderately to heavily 
overconsolidated and have a propensity for brittle or 
strain-softening behavior. Using these characteristics as a 
guide, the Lake Edmonton material could, therefore, be 
classified as a stiff clay. This soil has liquidity indices 
in the range 0.1 to 0.5, is moderately overconsolidated as 


indicated by the consolidation tests and displays marked 
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strain-softening behavior (Appendix A). 


The most notable exception to the strain-softening 
behavior is the stress-strain curve of Triaxial Test #2, 
which flattens out rather abruptly after the peak stress is 
reached. Skempton and Petley (1967) and Marsland (1972) have 
found similar stress-strain curves to be associated with the 
strength mobilized along structural dicontinuities such as 
fissures, This supports the view taken by the author earlier 


in this subsection. 


The consolidated-undrained triaxial tests, on the other 
hand, ali display non-peaked stress-strain curves with, in 
some cases, very high strains to failure (Tests #2b, #2c and 
#3b, Table III.4). This fact, which has been alluded to 
previously, has been explained by Lambe and Whitman (1969): 

" ..ethe tendency toward volume expansion 

exists out to large strains and consequently 

the excess pore pressure induced by undrained 

shear continues to increase to large strains. 

These decreasing pore pressures imply 

increasing effective stress, and the stress- 

strain curve continures to rise out to very 

large strains." 
The results presented by Chandler (1967) on a stiff silty 
clay also show this effect. In addition, it should be noted 
at, this «point, «that allr«the undrained: tests have stress 


paths consistent with overconsolidated behavior (Appendix 


M)xa 


The volume change-strain characteristics exhibited by 


both the Intact and Weathered specimens are of much 
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interest. In all cases the samples showed contraction almost 
to the peak deviator stress, whereupon dilation commenced 
and continued at various rates which depended on the nature 
of the failure surface developed. Tests conducted by Bishop 
et al (1965), Chandler (1967) and Marsland (1972) have 
demonstrated the same behavior to some degree. The tests 
undertaken for this investigation have shown that the 
rougher and more irregular the failure surface, the higher 
the Pate of dilation after peak deviator stress. A 
comparison of the volume change-strain curves of Triaxial 
‘Test #2, Which developed a very smooth bi-linear failure 
plane and friaxial Test #3 (Plate 6b) attests to this 


behavior. 


The Intact specimens show a decreasing contraction to 
the peak deviator stress when sheared under lower cell 
pressures (Table III.3), but no general correlations With 
the mass structure of the material or strain to failure 
could be made. The Triaxial Test #4 specimen developed a 
very smooth failure plane having a film of soil on it in 
which the silt appeared to be quite close to its liquid 
limit. It is apparent, therefore, that under lower confining 
stresses more dilation occurs, but the increased dilation is 
not related to a change in the mode of failure. The 
Weathered material, on the other hand, does display bi-modal 
falure characteristics as discussed previously, which can be 


related to the stress-strain and volume Change 
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characteristics of the soil. 


The Weathered material yielded results which correspond 
closely to the work of Marsland (1972) (Figures 3.8 and 3.9) 
who presented a failure theory for stiff, highly-fissured 
Clays in which the material acts as a granular mass with 
Shear between the lumps below the existing overburden 
pressure, The resulting Mohr envelope for the low stress 
range thus has a zero cohesion intercept with a higher 9! 
(Figure 3.9); the effects of overconsolidation are retained 
only inside the hard lumps. He stated: 

",.-At medium stress levels the lumps remained 
tightly interlocked and a large proportion of 
the shear plane passed through the intact 
overconsoliidated clay...In the tests at low 
effective stresses the lumps of clay remained 
almost intact, having well-defined surfaces 
covered with thin films of water. When the 
Sheaths were removed from the specimens the 
slightest touch caused them to fall apart." 

This is a particularly appropriate description of the 
behavior of the Weathered material, as Plate 7 illustrates. 
The Weathered material shows consistently lower failure 
strains, a decrease in contraction to the peak deviator 
stress and higher dilation rates after the peak deviator 
stress with decreasing cell pressure. These effects are most 
pronounced when the transition from above to below the 
overburden stress is made (i.e. Triaxial Test #8 to #9). 
Triaxial Test #9, which is below the overburden pressure, 


also has a much less peaked stress-strain curve (Appendix 


A). The excellent correlation with the work of Marsland, 
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therefore, supports the bi-linear envelope theory for the 


Weathered soil postulated herein. 


AS opposed to the drained tests in which the volume 
change is measured directly, the tendency for volume change 
in undrained tests can only be sensed through pore pressure 
response and is discussed in terms of the "A parameter", 
which relates the pore pressure response to the mobilized 
shear stress. The A parameter is a highly sensitive 
indicator of the stress history of the sample, as Lambe and 
Whitman (1969) point out. It is found to decrease markedly 
With increasing overconsolidation ratio (Figure 82, p.118, 


Bishop and Henkel, 1962). 


The Af values calculated for both the Intact and Toe 
samples decrease with decreasing effective cell pressure 
(Table III.4), but the effect is much more pronounced in the 
case of the Toe samples. It is believed that for the Toe 
specimens, the low Af values under modest confining stresses 
are an effect of the high dilatant tendency associated with 
shear around the nugget structure, while the slight decrease 
of Af noted for the Intact specimens is due simply to 
shearing under reduced effective consolidation stresses; 
i.e. the restraint imposed upon the soil grains along the 
failure plane is not as great and therefore, more dilation 
haytvuoccur. eMarsilande randicButlers + (1967) have reported 
Variations in the Af from zero to about 0.65 for effective 


consolidation pressures of 17 and 210 kPa respectively. This 
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trend for the stiff fissured Barton clay agrees well with 
the results presented for the Toe samples. The main point 
which the Af values and the corresponding stress paths 
(Appendix A) emphasize is that the materials under the 
normal stress ranges considered are behaving in a dilatant 


manner slightly before and after the peak deviator stress. 


Volume change in the direct shear tests, measured as 
vertical versus horizontal deformation (plots in Appendix 
A), did not appear to correlate with the structure of the 
material tested but rather with the normal stress applied. 
Most of the tests above approximately 40 kPa contracted to 
the peak strength while nearly all those below this value 
dilated. The dilation angles, calculated as the arctangent 
of the ratio of the vertical to horizontal deformation to 
the peak shear stress, varied from about 1.5° to 3°. An 
anomalous behavior, however, occurred in Direct Shear Test 
#10, which was sheared at the lowest normal stress of 14.5 


kPa. The dilation in this test was recorded as about 12°. 


The dilation for all tests continued past the point of 
the peak stress to the end of travel of the shear box. It is 
obvious, therefore, that a simple relation between peak 
strength and the dilation angle "i" as presented by Patton 
(1966) does not hold for the complex soils tested here. 
Factors believed responsible for the behavior observed for 


the tests herein are: 
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1. The plucking or rotation of nuggets in the 
Weathered material, as has been postulated 
previously, would result in much less dilation than 
if the asperities were fixed, as is the case for 
rock. 

2. In direct shear tests on undisturbed soil samples, 
a failure plane is imposed. A non-uniform stress 
state, plus the effect of restraint as discussed by 
Se A and Tchalenko (1967) may lead to the 
formation of Riedel Shears, which are themselves 
governed by Sample composition, texture and 
structure. In the higher stress ranges, the "riding 
up" effect along the Riedel Shears tends’ to be 
suppressed, which results in contraction, while in 
the lower stress range the restraint is less, 


allowing for dilation. 


Following the preceding detailed discussion of the 
strength behavior of the materials tested in this 
investigation, it is now necessary to postulate theories to 
account for the strength and structural differences between 
the three soil types. Physical weathering and stress’ relief 
are believed to be the two dominant agents responsible for 
these differences in behavior; discussion, therefore will 


center on these phenomena. 
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Physical weathering, involving such processes as cycles 
of wetting and drying and freezing and thawing, is highly 
dependent on the severity of the climate. Two regions with 
different climatic conditions, namely the United Kingdom and 
Western Canada (in particular the Edmonton, Alberta, 
region), will be discussed in order to demonstrate this 


point. 


The United Kingdom has a West Maritime climate 
charcterized by cool winters, Warm summers and rain 
throughout the year (Bartholomew, 1977). The East Midlands, 
where many of the stiff clays crop out, receives about 600 
to 700 millimetres of rainfall per year. The annual range in 
temperature is not great, and there is very little, if any, 
frost penetration in the winter. Weathering, therefore, 


would generally proceed under moist conditions. 


A limited amount of research has been carried out on 
the effects of weathering in the United Kingdom, and the 
general consensus is that it results in an increase in water 
content with a decrease in strength, approaching the fully 
softened state. In particular, Chandler (1972) with respect 
to the Lias Clay, has found: 

",..e.the effect of weathering being to increase 


the water content at a given overburden 
pressure..." 


Wid da at eu kieda ore wai a 


| ae nee 
“geiw enoiges ow? wo pnt —e Cod 
rt he they ash wi 


us vabyabt Sosint 684 Lema daliarmnnes 33 
7 Zz v7 a ey > at ine 


Sh ees 7 


ee: : ny 
; ; Tht tae, a met) oe > Fe) > a . 
duel ta ,aodaeuge edd age na er Pic ie 
gids s¢sitenoweh oF soba» ak . nh ae beri ei 


7 Oh ae he - 
~ 7 4 ; tec 


a 


aisuils  omavitem Saev fe eer maoNaTH ponia leat, 


niet bos axegume: (eapw Oyeaeseee dees ly - bemkwe ts 


ehasliisn stead oat a Teneo: svadol oitasa} 28BY og 


x . ro Pe 
OoOa srpode ,2eviepe? ee. aoyo epi ak 23 ‘oad oT yaow 


edt . Hey Req Efatarax 76 soapnsctie vor 


st Spact Levene fat 


v * 7 ~sirvil eter az epod t he's, yreeip Bom ae 1934 5 
qg (ue . ar { 
(HIOTHTSAS HORE iAH «as Ful _— cet notsexseaoq, ti 


|. enobtebenn tatok, aeiieo 4 nace: viteseaoe f 


a ) i 


ot 


sa5e0 seed abd domeaS a 96 ‘nanome, moatatti 


va pd he - 
Sm? «lege Slat tii arty ‘aby. 3 pak sedteoy Ba zso0te | 


rote yp sialic at, 9 Bars sia eae at nua nvaaeoed 


= 


sanotaat oe putea va ates 
ho GTUADRPO, nowip. an 


s 
i ri 
f 
j 
et 
ia i 
wal a - 
es Ss veg 
ae ry i. 
r — 7 . PAL Us i 
- . 
_ —_ oa ae i i 


81 


The moisture content-depth profiles which he has presented 
all show a marked increase in moisture content towards the 


surface. 


Skempton (1970) has drawn an analogy between the "fully 
softened" state and the normally consolidated strength of 
the soil through consideration of the critical state of 
Shear deformation as has been discussed in Chapter I. He has 
defined the effects of weathering on a Stif iy 
overconsolidated clay as a downward shift of the peak 
envelope, maintaining the same 9' but with zero cohesion 
(ise. the normally consolidated strength). The Weathered 
material tested for this research project does not show this 
behavior, but rather shows a slight increase in strength 
with respect to the Intact material in the higher stress 


ranges (Figure 3.6) 


The climate of Western Canada, and the Edmonton region 
in particular, contrasts with that of the United Kingdon. 
Kathol and McPherson (1975) stated: 

"...Edmonton has ae climate described as 
continental, varying between dry and moist 
subhumid; warm summers and cold winters are 


typical with moderate precipitation during all 
seasons." 


In particular, the Edmonton region has an average total 
annual precipitation of about 450 millimetres (Appendix B), 
of which the winter snowfall comprises slightly greater than 


100 millimetres. Large variations from the mean, which may 
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exist for months or even years, are not uncommon and may 
result in protracted drought or semi-humid conditions 
(Hamilton, 1968). Below freezing conditions result in 
substantial frost penetration, ranging from about 1.5 to as 
high as 2.5 metres, depending on such factors as snow cover, 


temperature and soii moisture conditions. 


One of the most important climatic aspects of the 
Edmonton region is that the total precipitation, except in 
Tare extremely wet periods, is much below the potential 
evapotranspiration, resulting in a net desiccation or 
moisture deficiency in the soil mass (Hamilton, 1963; 
Hamilton and Tao, 1977). The desiccation, which resuits in 
overconsolidation of the soil with the subsequent formation 
of cracks and fissures (Quigley, 1975; Mitchell, 1976) is 
usually concentrated in the upper layers of the deposit, 
resulting in a "drying crust". Moisture contents in these 
types of deposits decrease toward the surface, with 
corresponding increases in strength of the material between 
the cracks and fissures (Lambe and Whitman, 1969, present a 


number of soil profiles with these characteristics). 


The effects of desiccation are believed to have caused 
much of the overconsolidation apparent in both the Intact 
and Weathered samples tested in research of this thesis. The 
Weathered 10.2 centimetre diameter triaxial samples were 
found to have a slightly lower average moisture content than 


the Intact specimens (35.6% compared to 37.3%; Table III. 6) 
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and the borehole log for piezometer installation A (Figure 
2.3) revealed moisture contents increasing from 21.4% at a 
depth wot (0.8 “metres to 39.2% -ati%a, depth sof 3.3 metres 
(Thomson, 1978). Futhermore, pre-construction drilling 
reports for the site indicate moisture contents increasing 
with depth, from approximately 29 to 34% at a depth of two 
metres to about 38 to 40% at a depth of eight metres (City 
of Edmonton Report, 1967). The Weathered specimens, being in 
a zone Of more intense desiccation, are therefore more 
overconsolidated and fractured than the Intact samples. 
Subsequent wetting, due to the downward percolation of 
rainwater or spring runoff, would result in some swelling, 
but the soil would not swell back to the original void ratio 
present before desiccation. Significant softening around the 
fissures or joints was not apparent in either the Weathered 


lab samples or in the field. 


Frost action can also cause overconsolidation. Mackay 
(1974), in suggesting a theory for the formation of 
reticulate ice vein networks, has found that the clay blocks 
or nuggets between the ice veins are often overconsolidated 
when thawed. He attributes this phenomenon to the formation 
of the ice veins behind the aggrading zero degree isotherm 
in an essentially closed system. He stated: 

",..elf ice veins grew well above the lower 
permafrost surface , some water would be 
withdrawn from the adjacent clay, both above 
and below the enlarging ice veins...Shrinkage 


of the clay would accompany the loss of water; 
ice veins would tend to grow in the shrinkage 
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cracks so produced, and the clay would 
graduaily become consolidated..." 


McRoberts and Nixon (1975), in a discussion of the Mackay 
(1974) paper, have postulated a theory in which cracking 
occurs in the unfrozen soil in advance of the freezing 
front. The cracking is believed to be a result of the 
Suction forces which create non-uniform volume changes 
(consolidation) in the soil mass. Water is subsequently 
drawn from the immediately adjacent soil into the cracks and 


frozen as the zero degree isotherm passes. 


With each subsequent cycle of freezing and thawing, it 
is believed that the advance of the freezing front will 
cause ice lensing to occur in the pre-existing cracks, 
drawing water from the adjacent blocks or nuggets and, 
therefore, increasing the overconsolidation. Upon each thaw 
cycle, some swelling will occur , but there is a noticeable 
hysteresis (i.e. the original void ratio before the freezing 
cycle will never be attained). The effects of cycles of 


freeze-thaw would, therefore, be: 


1. An increase in the density of the intact nuggets. 


22 A decrease in void ratio. 


3. Degree of saturation close to 100%. 


The Weathered soil tested herein has a slightly higher 
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density than the Intact material (18.2 kn/m.3 compared with 
17.9 kn/m.3), slightly lower void ratio (1.00 compared with 
1.05) and a saturation close to 100% (97.4%), based on 
values averaged from the 10.2 centimetre diameter triaxial 


specimens (Table III.6). 


The Toe samples, on the other hand, display the 
structural effects of freezing (i.e.nuggety structure) but 
not the other properties such as densification and lower 
void ratios. The probable reason for this is that the 
immediate swelling due to the excavation of about five 
metres of overlying soil has had a greater effect than 
subsequent consolidation effects of freezing. The soil has 
only been exposed to freezing since construction of the cut, 
and therefore, has not experienced the number of cycles that 


the Weathered material has undergone. 


An example of the destructive effects of frost 
penetration af a soil structure is the case of a starter 
dyke at the Oil Sands Site at Fort MacMurray, Alberta 
(Watts, personal communication). A reticulate ice vein 
network, with the veins as thick as five millimetres was 
noted to have formed to a depth of about 2.5 metres in the 
unprotected, impervious core after just one winter. The 
network was found to be much more intense in the 
glaciolacustrine clay sections (containing about 54% clay 
sizes) of the core than in the sandy tili sections 


(containing about 20% clay sizes). The glaciolacustrine clay 
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was placed at a moisture content slightly higher than the 
till. It could be concluded, therefore, that the frequency 
of ice lense formation and the associated structural 
breakdown is directly related to the moisture content and 
activity of the soil, which is partially reflected by the 


percent clay sizes. 


3.8 Conclusions of the Test Results 


In summary, the effects of sample Variability, 
heterogeneity and complexity, both in composition and 
structure should be stressed. There is much scatter in the 
test results, as other workers who have dealt with 
overconsolidated, stiff fissured clays have found (e.g. de 
Beer, 1967). Anomalies in the results, however, have been 
rationally explained and the parameters defined on _ the 
Composite Mohr Plot (Figure 3.6) are believed to best 
describe the strength characteristics of the various 
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Figure 3.7 Composite Mohr Diagrams for Peak Strength of Intact, Weathered and Low Strength Samples 
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Axial Strain % 


Stress-Strain Curves for Drained 
Triaxial Tests on 98 mm Diameter 
Specimens of London Clay from 

Wraysbury (After Marsland, 1972) 
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sample T-42(A) ; 
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10.2 cm. Diameter Triaxial Test Samples. 


Plate 5 
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Oa yioechion wor tniaxra | 6b Failure plane of 
sample T-29(B) ; triaxial sample T-43(C); 
Test <3C. Test #3. 


6c Failure plane’ of 6d failure plane of 
direct shear sample direct shear sample 
T-34(A);Test #5. T-39(A);Test #8. 


Plate ©  Irtaxial*And Direct ‘Shear Samples Aiter Testing . 
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7a Failure plane of 


7b Sample T-39(A); 
sample T-38(A);Test #6. Test #9, 


bE 2 
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7c Bottom section of 7d Top section of 
sample T-39(A) , sample T-39(A), 


Plate 7 


10.2 cm. Diameter Weathered Triaxial Samples 
After Testing, 
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Chapter IV 


Stability Analysis and Discussion 


as es ee 


A series of landslides have occurred along the Whitemud 
Freeway between 156th and 159th Streets following the 
completion of construction of the cut in 1969 (Chapter [). 
The slides, characterized by non-circular slip surfaces, 
were first-time, delayed (or progressive) failures as 
discussed in chaper t The 1973 slide had been investigated 
in the fall age 1973 and the results of that investigation 
are presented in Chapter II. This slide will be re-analyzed 
in detail in this section. The purpose of the stability 


analysis undertaken for this thesis is twofold: 


1. An analysis of the landslide using strength 
parameters c* and @', determined by laboratory 
testing and reasonable field conditions yielded 
acceptable factors of safety. Thus, plausible 
mechanisms of failure may be proposed. 

2. The delayed aspect of the failures may be explored 
by varying the strength parameters and groundwater 
conditions in the sliding mass which would be 


consistent with the effects of weathering, and noting 
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the subsequent changes in the factor of safety with 


time. 


A discussion of the method of stability analysis and 
the choice of pore pressures and soil parameters used in the 
study follows. The results of the stability analyses 
performed and a discussion of the proposed mechanisms of 


failure are presented in the following subsections. 
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Ore Pressure and 


The Morgenstern-Price (1965) stability analysis of 
general slip surfaces has been utilized for the study of the 
1973 slide. A complete description of the development and 
applications of the method may be found in Morgenstern and 
Price (1965) and "The Analysis and Design of Rock Slopes!" 


(1971). 


The profile used for the analysis is depicted in Figure 
4.1.2 The configuration of the ground surface and failure 
plane was determined using the survey, borehole and _ toe 
trench data presented in Chapter II (Figures 2.4 to 2.7). 
Two soil types have been specified on the diagram, with the 
division approximately 2.3 metres below the preslide ground 
surface. The upper layer represents the zone of intense 


physical weathering after the cut had been excavated. The 
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Lake Edmonton Clay/Till boundary is at a depth of about 7.9 
metres below the crest of the slope. Since this layer does 
not enter into the analysis, it was arbitrarily assigned the 
Soil #2 parameters. A discussion of the factors involved and 
assumptions made in determining suitable piezometric levels 
for the analysis will be discussed in the following 


paragraphs. 


Bishop and Bjerrum (1960) illustrated the theoretical 
pore pressure responses and changes in the factor of safety 
during and after the excacvation of a slope in clay. They 
point out that upon rapid excavation, the pore pressures 
could be expected to decrease in an undrained mode (i.e. 
Without volume eHeuNe) due to the unloading. With time, the 
initial negative excess pore pressures will dissipate and 
eventually reach a steady state or equilibrium condition, 


therefore causing a time-dependent decrease in stability. 


Eigenbrod (1972, 1975) has analyzed the process of pore 
pressure equaliztion numerically using finite element and 
finite difference techniques. The slope was assumed to be a 
homogeneous, isotropic, elastic material under plane strain 
conditions. The effects of the rotation of pricipal stresses 
were neglected. Utilizing the total stress changes computed 
from a finite element program and an assumed in-situ pore 
pressure parameter A, the pore pressures immediately after 
excavation were calculated. The initial negative excess pore 


pressures were computed as the difference between the 
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initial values derived from the finite element analysis and 
final pore pressures assumed from a long-term, stabilized 


groundwater condition. 


The time for equalization of the exces pore pressures 
may Susequently be calculated using the two-dimensional 
finite difference consolidation program developed by Koppula 
(1970), assuming that swelling and consolidation follow 
Similar theories. Eigenbrod (1972) performed the analyses 
for the general case of a 30 metre high slope with an 
inclination of two horizontal to one vertical. Full 
equalization was attained for a time factor T=0.33. The 
analysis was found to be relatively insensitive to the 
assumed values a K and A, but was highly dependent on the 
coefficient of swelling, Cs . With the time factor oN: full 
pore pressure equalization T set egual to 0.33, Eigenbrod 
(1972) investigated the influence of slope height H and the 
coefficient of swelling Cs on the time for dissipation t of 
the excess pore pressure. The results were plotted and one 


of his graphs is presented in Figure 4.2. 


For the case of the slope failures in the Lake Edmonton 
sediments, a time for pore pressure equalization may be 
estimated directly from Figure 4.2, as the original slopes 
were cut very close to two horizontal to one vertical 
(Figure 4.1) and the values assumed for Ko and A are 
reasonable. Therefore, using the average coefficient of 


swelling of 1.2 X 10-* cm2/sec. (4.1 ft2/yr.) as determined 
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in the laboratory tests (Chapter III) for a slope 7.3 metres 
(22 feet) high yields an equalization time of about 40 
years. This value, however, corresponds to a homogeneous 
soil with a uniform coefficient of swelling of 4.1 ft?/yr., 
and as discussed in Capter III, the in-situ coefficient of 
swelling for the heterogeneous, discontinuous Lake Edmonton 
deposit is believed to be much greater than the laboratory 
value. Furthermore, Rowe (1972 ) and McGowan and Radwan 
(1975) have shown that this secondary or mass permeability 
is stress-dependent, with permeabilities at least a factor 
of ten higher below the overburden pressure than above it. 
This may be explained by the fissures and discontinuities 
opening up at pressures less than the overburden while 
remaining closed at higher stress levels (McGowan and 


Radwan, 1975). 


Therefore, it is postulated that equalization has taken 
place in the Whitemud Freeway cut well within the times to 


failure of the slopes for the following reasons: 


1. The stress relief due to the excavation has 
resulted in the partial opening of the pre-existent 
fissures and joints, thus imparting to the soil mass 
a much higher secondary permeability than that 
measured in the laboratory. 

2. The Intact soil along the exposed face of the 


slope has been significantly broken down by physical 
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weathering processes within a few years. This 
breakdown of the soil allows ingress of rainfall and 
runoff, thus hastening the equalization process. Even 
1f the soil mass has not completely equalized, 
substantial water pressures may be built up in the 


discontinuities due to the infiltration. 


Due to the lack of complete piezometric data, the pore 
pressures at failure for the 1973 slide are not precisely 
known. The data that is available for the area (Thomson, 
1978), indicates that the water level is variable, both 
within short aaetanees along the slope and with time. For 
example, Ance aut ace approximately 10 metres apart on the 
north side of the Freeway near the 156th Street bridge 
(piezometers B and C, Figure 2.3) registered water levels of 
2.7 metres and 4 metres below the ground surface on November 
18, 1974 and then dropped to 4.3 metres and 5.7 metres 
respectively, by March 18 of 1975. These large and 
relatively rapid variations are due to the "perched" nature 
of the piezometric surface, the highly permeable surface 
zone which allows easy ingress and evaporation of rainfall 
and runoff and to the effects of urban land use in the 
immediate vicinity; i.e. the cultivation of gardens, which 
allows increased infiltration and evaporation from the soil 
and the irrigation of the gardens and lawns may result in 


dramatic changes in the groundwater state (Hamilton and Tao, 


ian <S189Y $0 | aula 


a sbas Eistates 2 castipal ‘wot. oh ie ; D : 
gevi .tesoorg cebeentlenyy sae pat aid 3 le 
, oot Levys eLesetquer 108 ae ae ke | 
ad? * ok OD thud ot Taw we cr a ra eon de . 
; | shawnee Fam sak OR on wold hun tive a 5; bs 
- r Tis ; ne (a re oi 
eiuq Sdz 88 Dia sonogseia eretgaen | » tasL- ode he 
yieeioeiy for ete ebsites ecet walt tes orml ER erie 
j } i" 
, 208e0827T) awn alt 293 af@slleve. 2. Neds ajeb ae | 
ayo BiNheseet =2 taped | agiew ods tei 9 ees sotbak 4 . (are , 
P 30% re fete has wiofea add sanity enon stake) asoth wt 
alt do FaHGt an%atae OF pleteatyorggs cat ono ag 
rf i | ape 
we Biz gevis Asact. sal Ifans re coe tel Sa? 2 ohte’ 
a , 
to episved Beraw JewIz1954 {€.5 asap £8 a ban eg coon 
edusvon a0 nsuhitin haworp ada W Od Gh eee tom », DOS 
asiton Tad bys Sedat fat Os bay qom sone vis 60 
ypso{f east? . .cvel de iad do268 4 o«yiovnt 
ipise “hodoteq™” o&> 09.90) Se SAOLI RE DEY a a : 
cosine: 2 bales x itp aad oDae ree oka rencsoig. allt 7 
i etcies %o goitszoqevs, Bip bscinien’ NEBe awed Dit ius 
euit at sav) bask Redawyte "epee eat aed ‘Kans v0.8 | 
do kay anshune ro nodgey Ltt ast oO ah ‘yQasatslw 7: tb rT. 
fgon ead nos) fot iszoiers baa aotraatcttar6 SBHU It oa ‘ 
al dipas2 (se apu si fists ang hs mp: eth to: ht ; 
soe bar iene as » sna e 
me -~ - ina 


113 


1977). Therefore, to assess fluctuations in the water table 
in the stability analysis of the 1973 slide, a series of 
piezometric levels were investigated, ranging from a depth 
of about 2.1 metres below the surface at the crest of the 
Slope to the ground surface (Figure 4.1). Correlations of 
Slope instability with the Eanonton precipitation records 
(Appendix B) have also been drawn, and are presented ina 


following subsection. 


The strength parameters from the laboratory testing 
program. and those used in the stability analysis are 
summarized in Table IV.1. Both sets of Intact strength 
parameters were used in the analysis, namely those 
representing the main buik of the material, c'=15 kPa and 
g*=20.5° and those involving failure through the dark gray 
fissured clay, in which c'=7.3.kPa and @M@'=189, The latter 
parameters were obtained from a linear regression analysis 
performed on Triaxial Tests #2 and #1c and Direct Shear 
Tests #3, #3b and #3c. The "fully softened" strength 
parameters, c*'=0 and #'=20.5 and the residual parameters of 
c'=2 kPa and #@'=15° were also considered. An effective angle 
of shearing resistance of 40° with zero cohesion was used 
for both the Weathered and Toe zones (i.e. zones I and III, 
Figure 4.1), as the effective overburden pressure in these 
regions is less than 42 kPa (Figure 3.6). The effects of 
weathering in the Toe area (i.e. a change from the Intact to 


the Toe parameters with time) and the variation of #' in the 
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Weathered and Toe sections were also investigated, 


4.2 Results of the Stability Analysis 


A summary of the Morgentstern-Price slope stability 
eet sis undertaken on the 1973 slide (Figure 4.1) is listed 
in Table IV.2. As stated previously, four piezometric levels 
(A,B,C and D, Figure 4.1) with the strength parameters 
outlined in Table IV.1 were analyzed. The following points 


are noteworthy: 


1. The peak Intact erconatt parameters of c' =15 kPa and 
@*=20.5 coupled with the Weathered and Toe peak parameters 
of zero cohesion and 9'=40° yields factors of safety much 
greater than 1.0 even with the piezometric level at the 
surface. 

2. The peak Intact strength parameters representing failure 
through the dark gray fissured clay lenses, c'=7.3 kPa and 
g*=18°, with the 9 of 40° in the Weathered and Toe regions 
yields factors of safety ranging from 1.350 to 0.921 for 
piezometric surface levels A and D, respectively. A 
piezometric surface between C and D would result in a factor 
of safety of unity with these parameters. 

3. Assuming peak parameters in the Backscarp and Toe zones 
with the residual c' of 2 kPa and #@' of 15° in the Intact 


zone results in factors of safety less than unity for all 
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piezometric levels considered. The application of the 
residual strength parameters to the total failure surface 
would result in lower factors of safety. Therefore, if the 
residual parameters were being mobilized along the failure 
surface, a water level Significantly lower than ‘A* would 
trigger instability. 

4. AS with the residual parameters, the fully softened 
strength parameters of c'=0 and $'=20.5°9 applied along the 
total slip surface give factors of safety less than unity 
for all piezometric surfaces considered. With a combination 
of the fugly softened strength parameters in the Intact zone 
and the peak strength parameters of zero cohesion and #'=409 
in the Weathered and Toe zones, factors of safety of 1.097 
and 0.939 are obtained for piezometric surfaces A and B, 
respectively. 

5. The effect of varying the @' from 40° to 35° in the 
Weathered and Toe areaS, using the Intact parameters of 
ct=7.3 kPa and #'=18° and water level ‘'C" has been 
investigated in run #5. The factor of safety drops from 
1.091 to 1.051, Which is not a Significant change 
considering the large change of g'. 

6. As illustrated by run #6, the application of the "Low 
Strength" Intact and Toe parameters c'=7.3 and #@'=18°9 to 
both the Intact and Toe sections of the failure plane gives 
a “Lactor, “oftcatety of 12335 for: water Level TA". “It 15 not 
known, however, whether the low parameters were operative in 


the Toe material before the cut was constructed or whether 
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they are a result of the stress relief and physical 
weathering brought on by the excavation. 

7. Run #7 was undertaken to demonstrate the relative effects 
on the factor of safety of small variations inc! and #" in 
the Intact zone. It may be noted that the stability is far 
more sensitive to changes in cohesion than to changes in the 
effective angle of shearing resistance. For example, 
lowering the c" from 9.6 kPa to 5.7 kPa while raising the 
@*' from 160 to 19.59 causes a drop in the factor of safety of 
about 0.1. The high sensitivity to cohesion is due to _ the 
shallow “nature of the slide and the high peizometric 
surfaces considered, both resulting in low effective normal 


stresses on the slip surface. 


It may be concluded from this analysis that the peak 
Intact strength parameters (c'=15 kPa and 9*'=20.5°) were not 
mobilized in the Intact Zone (i.e. Zone II) at the time of 
failure of the pana Lower strength parameters, such as 
those associated with the dark gray, fissured clay (c'=7.3, 
g*=18°9), the softened values (c'=0, gM*=20.5°) or the 
residual parameters (c'=2.0, f$'=159) have controlled the 
stability. The possibility of each of these strength 
parameters being mobilized at the time of failure is 


assessed in the following discussion. 
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The 1973 slide was a first-time slide that failed four 
years after construction, hence, mobilization of the 
residual strength parameters at failure could only be 


brought about by either or both of the following processes: 


1. Failure occurred along pre-existing planes of 
weakness which had already been sheared to the 
residual strength. Morgenstern (1977) discussed 
processes such as ancient landslide activity, 
tectonic folding, valley rebound and glacial shove 
which pe euats in the in-situ pre-shearing of clays. 
Many cases of this kind may be found in the 
literature; e.g. Eigenbrod and Morgenstern, 1972, 
Palladino and Peck, 1972; Tweedie, 1976. 

2. The excavation of the cut generated non-uniform 
swelling which resulted in in-situ shearing of the 
clay. This shearing led to a progressive failure 


mechanism, as was discussed in Chapter I. 


Extensive investigations of the Whitemud Freeway site 
in the fall of 1973 and 1974 and subsequently, in 1977 by 
the author have not uncovered any evidence to support the 
theory of pre-existing shear zones at the residual strength. 
Moreover, the topography of the area before construction was 
essentially level (Chapter II), eliminating the possibility 


of ancient slope instability. Although the process of 
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progressive failure is analytically conceivable, there 
appears to be only one well-documented case history in the 
literature (i.e. Burland et al, 1977) to support it as a 
dominant mechanism of slope failure, as has already been 
discussed in Chapter I. Skempton (1970), James (1970, 1971) 
and Morgenstern (1977) point out that large deformtions are 
often necessary to reduce the strength along the entire slip 
plane to the residual value. James (1970) has quantified 
this concept in terms of the field strain (Figure 1.2). To 
reduce @' from the peak to close to the residual value (a 
dimunition of at least 59) would require a field strain of 
approximately 0.2; hence, residual conditions would not _ be 
approached untii the scarp reached a height of about four 
feet. The lateral strains due to excavation would never be 


high enough to bring about these gross deformations. 


In order for the "non-uniform swelling" mechanism of 
progressive failure to be viable, a highly swelling, thin 


seam of material would have to be sandwiched between two 


competent strata of non-swelling material; the non- 
homogeneous swelling would result in differential 
deformation between the strata, thus causing in-place 


shearing of the materials. The stratigraphic configuration 
of the Lake Edmonton deposits, as discussed in previous 
chapters, is not suitable for this type of process to occur. 
In summary, there is a lack of evidence which would support 


the 1973 slide failing at the residual strength. 
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Although signs of softening in the fissures and joints 
were not detected in either the laboratory samples or in the 
field, a failure mechanism proposed by Skempton (1970) 
involving the localized softening of material in the failure 
zone may still be reasonable. Skempton (op. cit.) postulates 
the reduction of the peak strength to the fully softened 
value in terms of the pre- and post- peak formation of 
Riedel thrust and displacement shears with subsequent 
infiltration of water along the opened discontinuities. He 
has related small pre-silide creep movements to the 
relatively small displacements required to reduce the 
strength from the peak to the fully softened state, as 
opposed to the larger movements necessary for the reduction 
to the residual. The paper concluded with the following 
remarks: 

"...In such clays there must be a mechanism of 
progressive failure and/or softening which 
takes them past the peak, and just before a 
first-time slide occurs there is a softened 
shear zone with many minor Shears." 

The stability of many slides in the London Clay (James, 
1970) and also some in Canada (e.g. Rivard and Lu,1977) have 
been explained in terms of the mobilization of the fully 
softened strength, but the actual mechanisms and the time 
scale involved in this failure process are still unclear. 
James (1970) and Chandler (1974) investigated cutting slopes 
which failed from about 10 to 100 years after excavation; 


although pore pressure equalization is also intrinsically 
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involved, very few failures occurred at less than about 40 
years after excavation. Complete softening, involving the 
total loss of effective cohesion, therefore, appears to be 


operative on a time scale over decades. 


Partial softening, however, resulting in the 
destruction of some of the peak effective cohesion may have 
occurred (i.e. the effect may be visualized as a downward 
shift of the peak strength envelope, but not completely to 
the origin). A slope stability analysis was subsequently 
undertaken to assess this partial softening effect. The 
effective angle of Shearing resistance was held constant at 
20.59 while the effective cohesion was varied from 10 to 2 
kPa. All four eascepaurte levels were considered. The 


results of this analysis are as follows: 


AeulLthes: drnopstiniicty froswi0stou2,kPa twithig@h'=20. 5° 
yielded factors of safety varying from 1.595 to 1.192 
for piezometric surface A and 1.428 to 1.032 for 
piezometric surface B. 
20 |AeEACTOE Of safety of cnieywaeeas obtained for ct=4 
kPa and @'=20.5°9° with the piezometric level C. 
3. With the piezometric level at the surface (i.e. 
level D) the factor of safety varied from 1.078 with 
c*=10 kPa to 0.745 with c'=2 kPa. 

Therefore, from the preceding analysis, factors of safety 


close to unity are obtained using the partially softened 
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parameters of c' ranging from 2 to 6 kPa and #'=20.5° with 
the piezometric level between B and D. Hence, with due 
regard to the preceding discussions, the failure of the 1973 
Slide may rationally be explained by the mobilization of the 
strength parameters of the dark gray, fissured clay and/or 
the partially softened strength parameters in the Intact 
zone. For the low normal stress range in this problem, it is 
impossible to sensibly discriminate between the two sets of 


parameters and therefore both must be rationally considered. 


The mechanism of failure is postulated as follows. Upon 
rapid excavation of the cut in 1969, the pore pressures 
immediately dropped in response to the unloading and a large 
area of soil on the slope face was left exposed to physical 
weathering processes. In the short term, however, the 
reduced pore pressures and the as yet "Intact" slope face 
would result in the stability of the slope, with a factor of 
safety close to or in excess of the 1.3 using piezometric 


level "A" (Table IV.2). 


As time proceeded, the pore pressures would 
equilibrate, but of equal importance is the intense physical 
breakdown of the Intact material along the slope face due to 
weathering. Within a few seasons, enough degradation of the 
soil through freeze-thaw and wet-dry processes would have 
occurred to dramatically increase the permeability 
characteristics of the slope. The greater availability of 


moisture would ,in turn, greatly affect the swelling of the 
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Slope, reducing the time of equalization. Coupled with 
increasing the permeability, the weathering will also cause 
structural breakdown of the clay in the Toe region with a 


subseguent reduction in cohesion. 


AS may be noted in the Edmonton rainfall records 
(Appendix B), 1972 was an extremely wet year with above 
normal precipitation in almost every month. This would 
result ina high groundwater level in the spring of 1973. 
The slope, at this time, would thus be in a critical state 
with a relatively high groundwater level and ae reduced 


strength (in terms of cohesion) in the Toe area. 


The final mechanism which triggered the slide in August 
was the periods of heavy rainfall throughout June and in 
early August (Appendix B). The rainfall was usually 
concentrated in periods of two to four days, so that maximum 
infiltration, with little runoff and evaporation would take 
place. It is, therefore, conceivable that hydrostatic 
pressures built up in the fissures and discontinuities, 
represented by a piezometric level between "C" and "p" 
(Figure 4.1) and triggered the instability. Esu (1966) has 
undertaken a Similar approach with respect to the stability 
of slopes in Italian jointed clays and has concluded: 

",..e-Water can seep (or accumulate) through the 
discontinuities and, at least near the ground 
surface, the fissured clay can be considered 
aS a permeable medium, even though it has a 
low coefficient of permeability. In the 


Stability analysis of the slopes in these 
clays, the hydrostatic pressure of the water 
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contained in the discontinuities must be taken 
into account..." 


Morgenstern (1977) has also drawn attention to this 
"increased permeability" effect, both in the light of the 
work by Esu (1966) and in the case of the brecciation of the 
surface layers of the Upper lLias clay (Chandler, 1974). 
Morgenstern stated: 

" .2elt influences the permeability profile 

which in turn affects the rate of convergence 

of the pore pressures to seepage conditions 

after initial cutting as well as the 


responsiveness of the pore pressures in the 
upper few metres to rainfall." 


In ani n eke Slope failure of August, 1973 along the 
Whitemud Freeway may be best accounted for by a slip plane 
mobilizing virtually zero cohesion with g'=409 in the 
Weathered and Toe zones and the dark, fissured clay strength 
parameters (c'=7.3 kPa, g@*'=189) and/or the partially 
softened parameters (c'= 2 to 6 kPa, #'=20.59) in the Intact 
zone. The rapid increase in hydrostatic pressure brought 
about by concentrated, heavy periods of rainfall just prior 
to the failure appears to be the final triggering mechanisn. 
The 1973 slide can therefore be considered as a "delayed 


failure", involving: 


1. The equalization of negative excess pore pressures 


following excavation, causing a reduction in the 
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stability with time. 

2. Physical weathering processes increasing the mass 
permeability along the slope face, thus allowing 
increased infiltration of rainfall and surface water 
and leading to more critical piezometric conditions. 
3. Physical weathering processes resulting in the 
destruction of cohesion in the Toe material under low 


normal stresses. 


Other slope failures on the Whitemud Freeway (Figure 
2 3) may also be correlated with intense periods of 
rainfall. For example, in 1969, Slide #3 occurred 
immediately after u4 millimetres of rain fell in the period 
from the 3rd to Eve 8th of July.» This movement caused a 
slight bulge of the retaining wall which had been erected 
following Slide #2. In August, 1969, between the 2nd and the 
6th, 83.6 millimetres of rainfall was recorded; this brought 
about the formation of tension cracks at the top of the 
Slope behind Slide #3. Finally, between the 4th and 5th of 
September, 1969, 68 millimetres of rain fell; this resulted 
in the formation of a scarp about 1 metre high at the top of 
the slope and failure of the retaining wall (Soderberg, 
1978). During July, 1972, two slides occurred (Slides #4 and 
#5) following heavy rainfall in June of that year. Finally, 
in May of 1977, as a result of record precipitation for that 
period, gross movements on the order of feet took place in 


Slide #8. 
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Chapter V 


Conclusions and Recommendations 


5.1 Conclusions 


The object of this reserach was to investigate the 
strength and stress-strain/volume change characteristics of 
the Lake Edmonton deposit, to evaluate the effects of 
physical weathering and to propose a plausible mechanism of 
time-dependent failure of the slope. In the light of the 
results and discussions presented in the previous chapters, 


the following conclusions may be drawn. 


1. The ameCntance of compositional heterogeneity and 
structural complexity with respect to the strength 
characteristics of a material cannot be overstressed. The 
strength of the Intact material was found to depend on the 
location and orientation of the weaker component in the 
system, viz., the dark gray fissured clay. The lowest 
strengths were obtained when failure was confined to these 


ZONeCS. 


In a structurally complex deposit, such as the Lake 
Edmonton sediments, great care must be taken in defining the 
attitude and occurrence of the various structural elements 
and assessing their effects on the strength. For example, 
the characteristic nuggety or blocky structure of the 


Weathered upper zone had little, if any, effect on the 


W2y 


ab) ap hi j : Fs at £ i 34 5) ] —* e ; 3: oi i 28D 36 eb « tf aes ki D8 : 
5 


exe 107 .ddoneute eff: do esuenae baum ‘pni 


. ae 


evoksnba one 


cs " y ae aL 
ae ey 
t } 
al Ly . 
m t + 4 - 4 ' 
| 5 ae 
: tty TUTE “pues stein’ 
Ta 7 e 
; so Sa apes = 
: sae bey 
tt xelqnes. | “hex 
a Li 40) to wok te 
j ice ‘ { fo) BA foatax om 
a ate 
7 . + gedw. bon ie ide 


Jin Lea tou sts ‘POLLEY od 4 ce 30 otis: MaRS 90. ba rt 


=o 


ae © te 
vege 6¥ Km@le _ i opeua Ve me 7. 12 
| | - | a a. ’ 
volaakt | Beit a - 


130 


strength above the effective overburden pressure, but below 
this pressure it controlled the strength; the material 
behaved as a cohesionless, granular aggregate with shear 
between the nuggets (Figure 3.6). This is very important in 
the design of cuts and excavations, as this type of material 
will have very iittle strength when unconfined. In _ fact, 
caving and sloughing of the unsupported trenches for the 
counterfort drains was a major problem in the stabilization 
of the 1976 Slide. The trench walls had to be cut at shallow 
angles to avoid the short-term failures. 

2. The Lake Edmonton material generally displayed marked 
work-softening behavior upon shear, except when failure was 
related to structural discontinuities (e.g. Triaxial Test #2 
and #9, Appendix A).~ Such behavior reduces the possibility 
of progressive failure as discussed in Chapter I. The 
drained Triaxial Tests undertaken demonstrated that 
excellent correlations of volume change characteristics with 
the modes of failure exist; for example, Triaxial Test #9 
(Appendix A), which involved shear around the nuggets, 
dilated much more than Triaxial Test #8, which involved 
Shear through the nuggets. A direct correlation of volume 
change and mode of failure could not be postulated for the 
direct shear tests. The contraction/dilation characteristics 
were found to be more dependent on the normal stress 
applied. 

3. The processes of physical weathering such as_ repeated 


cycles of wet/dry and freeze/thaw appear to increase the 
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strength of the intact lumps or nuggets through a net 
consolidation or densification effect, but to decrease the 
mass strength of the material, reducing it essentially to a 
cohesionless, granular aggregate. Before further research 
has been undertaken, however, it would not be prudent to 
apply this effect in a general manner to other 
overconsolidated Pleistocene deposits. 
4. Effects of the softening process as described by Terzaghi 
(1936) have not been apparent in this material. Detailed 
observations of the fissures and joints in the laboratory 
and the field have revealed surfaces which were moist, but 
essentially stiff and intact. It appears that the complete 
softening of the material is operative on a much longer time 
scale. Partial softening, possibly due to a displacement 
induced mechanism (e.g. Skempton, 1970), is likely, however, 
to have occurred. 
5. The nature and severity of the climate have a great 
influence on the effects of weathering. For example, in the 
United Kingdom the depth of frost penetration is limited and 
moisture is available all year round; therefore, physical 
weathering processes would proceed in a generally damp 
enviroment and at a relatively slow rate. James (1970) in 
fact states: 

"..eit is believed that over the length of 

time involved in this present study of cutting 

failures, say 120 years, geological weathering 


on soils would be of relatively minor 
importance." 
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In Western Canada, however, particularly in the Edmonton 
region, the climate is much more severe, with long cold 
winters and warm summers. Frost penetration to depths of 2 
to 2.5 metres can result in severe damage to a soil fabric 
in a matter of a few seasons. The desiccation of the soil 
also results in structural breakdown and the formation of a 
"desiccation crust" at the surface. Therefore, it is 
proposed that in a harsh climate, such as in Western Canada, 
the effects of physical weathering on a freshly exposed cut 
or excavation cannot be ignored on an engineering time 
scale. 
6. The results of the stability analysis undertaken on the 
1973 Slide have strengthened a number of the conclusions 
postulated previously, viz: 
a) The stability of the cut appears to be dependent 
on the strength associated with the lenses of dark 
gray fissured clay as well as partial softening in 
the Intact zone. Unacceptably high factors of safety 
result for all possible groundwater conditions if the 
higher peak strength parameters (c'=15 kPa, §*'=20. 5°) 
for the Intact material are used. 
b) The importance of physical weathering on an 
engineering time scale has been proven. Physical 
breakdown on the slope face has greatly increased the 
mass permeability allowing easy infiltration of 
surface runoff and precipitation. The results of this 


have been a reduced pore pressure equalization time 
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and the realization of more critical groundwater 
levels. The weathering has also reduced the effective 
cohesion of the Toe material in the low normal stress 
range; in a shallow slide with a high piezometric 
surface, the stability is very dependent on this 
effective cohesion. 
7. The stability analysis has emphasized that laboratory 
testing programs should be conducted in the stress ranges 
encountered in the field problems. For example, it would be 
grossly incorrect to apply the parameters of c'=17 kPa and 
9'=24.5° (Table IV.1) to the Weathered zone in the _ slip 
analysis, as failure is actually occurring below the stress 
range for which these parameters are applicable. 
8. The correlations of landslide activity with peak periods 
of rainfall have shown that rapid fluctuations in the 
groundwater level can have a profound influence on stability 
and act as a final triggering mechanism. The need for an 
accurate assessment of possible groundwater level 
fluctuations is thus clearly evident. 
9. Finally, it should be emphasized that when dealing with a 
heterogeneous, complex deposit such as the Lake Edmonton 
sediments, one should concentrate the investigations on 
weaknesses, such as incompetent components or beds and 
structural discontinuities rather than on the more competent 


materials. 
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5.2 Recommendations 
1. This thesis demonstrates the importance of having 
accurate, complete piezometric data for a slope or 
excavation. Piezometers should be monitored regularly from 
the time of construction to see if the pore pressures are 
responding in accordance with the design calculations. 
22 The nature, occurrence and orientation of fissures are 
very important in many geotechnical problems, but very 
little is actually known about their origin and the factors 
that control their distribution in soil masses. Research 
into this aspect would prove to be extremely valuable. 
32 it is recommended that a detailed investigation be 
conducted on the impending slope failure on the north side 
of the Whitemud Freeway near the 156th Street Bridge (Figure 
2.3), possibly in conjunction with a stabilization scheme. 
The investigation would involve: 
1. In-situ direct shear tests conducted on various 
levels in the slope would supplement the shear 
strength data already collected and analyzed. 
Marsland and Butler (1967) obtained valuable results 
from such tests conducted on the stiff fissured 
Barton Clay. 
2. A detailed examination of the incipient failure 
zone may conclusively indicate which processes. or 
mechanisms are operative in a Slide before 
catastrophic failure; i.e. is the failure zone 


composed of a softened zone of Riedel thrust shears 
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not as yet having coalesced (Skempton, 1970) or is 
the failure confined to one thin, continuous shear? 
Samples taken directly from the shear zone and tested 
in the laboratory would substantiate the field 


observations. 


Such an investigation, therefore, would be an 
invaluable contribution in dealing with the mechanisms 
involved in time-dependent failures in stiff fissured clays. 
4. In-situ permeability tests conducted on the Whitemud 
Freeway cuts would quantify the increase in mass 
permeability brought about by weathering processes , 
Chandler (1974) has andemeaken such tests in the Lias Clay 
and has Anech neadeecelient results. 

5. Creep or relaxation tests should be conducted to evaluate 
the time-dependednt deformation properties of the Lake 
Edmonton sediments and to check if the short-term laboratory 
peak strength may actually be by-passed. A recent 
publication by Nelson and Thompson (1977) has indicated that 
this is possible in overconsolidated clay, and tests by 
Fontoura on coal and Tse on granite and limestone have shown 
that the by-pass effect, in fact, occurs in rock. 

6. Finally, tests to quantitatively assess the effects of 
physical weathering on a soil mass in a cold, continental 
climate should be undertaken. Cook (1963) investigated the 
effects of closed system freeze-thaw cycles on a compacted, 


highly plastic clay. He ©found “that -the majority -of the 
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strength loss was due to a reduction in cohesion, with the 
angle of internal friction not being greatly affected; a 
strength reduction of almost 50% was noted after just three 
cycles of freeze-thaw. Carefully controlled freeze-thaw 
tests on the heterogeneous Lake Edmonton deposits would 
supplement the work of Cook; temperature gradients commonly 
occurring in the field could be applied one dimensionally to 
the sample, thus simulating actual field conditions. The 
structures so-formed could be observed and pertinent soil 
properties such as densities and moisture contents could be 


computed after completion of the tests. 
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